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Chapter 1
General Introduction
The Immune SystemThe immune system is the body’s natural defence mechanism against foreign invaders, such as bacteria, viruses and parasites. Virtually all cells of the body carry 
markers that are identified by the immune system as self, while pathogens carry markers that are recognized as nonself. All constituents of the immune system are 
fine-tuned to distinguish between these self and nonself markers. As such, the main function of the immune system is to prevent an immune response against self, i.e. tolerance, and to induce an immune response against nonself, i.e. immunity. Besides 
being essential for preventing infectious diseases, the immune system is also our first line of protection against transformed tumour cells and the development of cancer. 
Transformed cells often lose the markers that the immune system identifies as self or carry markers that are recognized as nonself. As a consequence, under physiological circumstances, transformed cells are recognized by the immune system, killed and eradicated from the body. However, whenever our immune system is weakened or unable to mount a proper immune response, pathogens or transformed cells can spread and multiply leading to serious infections or the development of cancer. A functionally intact immune system is therefore essential for the prevention of these potentially life-threatening situations.The immune system protects the body from infections with two distinct, yet 
linked, responses with increasing specificity; the innate and adaptive immune response. When a pathogen has invaded the body, the innate immune system provides 
the first immediate, but mainly non-specific response. Cells that regulate the innate immune response include natural killer (NK) cells, basophils, neutrophils, mast cells and phagocytes such as macrophages, neutrophils and dendritic cells (DCs). Innate immune cells respond to conserved structures derived from pathogens, so-called pathogen-associated molecular patterns (PAMPs), via pattern recognition receptors 
(PRRs) (2). Four major PRR families exist, each with a different specificity for foreign 
material; Toll-like receptors (TLRs), NOD-like receptors (NLRs), C-type lectin receptors (CLRs) and RIG-I-like receptors (RLRs) (3-5). The recognition of PAMPs by PRRs induces the internalization of the foreign material and the subsequent activation of innate immune cells.
A second, highly specific response is provided by the adaptive immune system. Antigen presenting cells (APCs) such as monocytes, macrophages and DCs link the innate with the adaptive immune system by degrading internalized material and presenting the products, so-called antigens, at their surface onto major histocompatibility complex (MHC) receptors (8, 9). The adaptive immune response 
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is mainly executed by B and T lymphocytes and both these cell types bear receptors at their plasma membrane that recognize foreign antigens. However, while B lymphocytes are able to recognize antigens in their soluble, native form, T cells only recognize antigens that are bound within MHC molecules at the plasma membrane of APCs (10, 11). Upon recognition of nonself antigens, B lymphocytes are able to excrete large amounts of antibodies, thereby forming the humoral, non-cellular, arm of the adaptive immune system (12). T lymphocytes form the cellular arm of the adaptive immune system and can be further subdivided into CD4 and CD8 positive T lymphocytes. CD8 positive T lymphocytes recognize antigens that are bound to MHC class I molecules. MHC class I molecules are expressed by almost any cell type. The antigens that bind to MHC class I molecules are derived from intracellular products, which can be either self (e.g. mutated proteins in transformed cells) or degraded material from intracellular pathogens such as viruses. CD8 positive T lymphocytes are specialized in killing the cells that present these MHC class I-antigen complexes and thereby function as our main defence against the development of cancer and viral infections (13). CD4 T lymphocytes recognize antigens bound to MHC class II 
molecules, which are specifically found on the surface of APCs (14). Antigens that bind MHC class II molecules are derived from extracellular material such as bacteria and parasites. Upon recognition of MHC class II bound antigen, CD4 positive T lymphocytes secrete large amounts of cytokines, thereby activating and directing other cells of the immune system to mount a proper immune response against foreign invaders (15).
DCs and Their Life CycleAntigen presentation is the process by which cells, after antigen capture and 
processing, enable their specific recognition by T cells via MHC-antigen complexes. Interestingly, while almost all cells have the ability to present intracellular antigens onto MHC class I molecules, only a select subset bears MHC class II molecules on their surface for the presentation of extracellular antigens. Cells that express MHC class II molecules are called professional APCs and include macrophages, B cells and DCs. DCs are highly specialized professional APCs that play an essential role in orchestrating the activation of resting T lymphocytes and the initiation of the adaptive immune response (16, 17), thereby maintaining the balance between tolerance and immunity. DCs are derived from hematopoietic bone marrow progenitor cells and are present everywhere in the body. To date, many DC subtypes have been described among which the peripheral myeloid DCs and the circulating plasmacytoid DCs are 
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most well studied. Myeloid DCs are mainly derived from circulating monocytes and reside in peripheral tissues in a state that is called ‘immature’. Within these peripheral tissues, they patrol for foreign (nonself) material and pathogens. Immature DCs (iDCs) are specialized in internalizing this foreign material with the many PRRs that they express on their surface. Upon recognition and internalization of foreign pathogens, DCs mature and migrate to a regional lymph node where they initiate immune responses by presenting the processed antigens to T lymphocytes. Mature DCs (mDCs) have a low expression of PRRs and upregulate the expression of MHC molecules to be able to present the antigens to the lymphocytes. Table 1 summarizes 
the specific properties of iDCs and mDCs. By initiating immune responses against nonself material, DCs not only play a central role in the clearance of infections, but also in the eradication of tumour cells. The latter forms the basis of many DC-based immunotherapies against various cancers, including melanoma (18).
Cancer immunotherapy includes any type of therapy in which specific parts of the immune system are boosted in order to mount an immune response against tumour cells. For DC-based immunotherapies, monocytes, considered as DC precursors, are 
isolated from the patients’ blood and upon stimulation with two specific cytokines, IL-4 and GM-CSF, the isolated monocytes are differentiated into iDCs. These iDCs are loaded with tumour antigens and stimulated with a cocktail of cytokines (typically 
TNFα, IL-1β, and IL-6) and the small lipid metabolite prostaglandin E2 (PGE2), to induce their maturation. The mature DCs are subsequently reinjected into the patient in an effort to provoke a systemic immune response against the tumour cells. To date, these types of therapies yield only limited successes, urging the need to increase our understanding of the fundamental mechanisms that regulate DC biology.
Adhesive and Migratory Properties of DCsDC maturation does not only involve the downregulation of PRRs and the upregulation of MHC molecules, but is also accompanied by extensive adaptations in adhesive and migratory behaviour. Immature DCs reside in peripheral tissues and exhibit an adhesive phenotype with low speed migration. The type of migration exhibited by these cells is called mesenchymal migration and is characterized by strong interactions with the extracellular matrix (ECM) and requires the degradation of the ECM by extracellular protease activity. Upon maturation, DCs acquire a highly migratory phenotype which allows them to migrate out of the peripheral tissues and, via the blood or lymph vessels, into the lymph nodes where they stimulate the lymphocytes. This type of fast migration is called amoeboid en does not depend on 
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the degradation of the ECM. Instead, the cells ‘squeeze’ through the narrow spaces that are available within the ECM. Interestingly, this in vivo migratory and adhesive 
behaviour of DCs is also reflected in vitro. When seeded onto glass coverslips, iDCs are highly adhesive and immobile while mDCs are rounded and highly mobile. Obviously, major cytoskeletal changes have to occur upon the transition from immature to mature DCs in order to induce this striking transformation in adhesive and migratory behaviour.
The cell’s cytoskeleton comprises three types of flexible protein fibres: 
microtubules (tubulin), intermediate filaments (vimentin amongst others) and 
microfilaments (actin). The latter in particular has the ability to engineer large supramolecular assemblies at the plasma membrane that coordinate cellular adhesion and migration. Interestingly, iDCs form two types of actin-based adhesion structures, i.e. focal adhesions (FAs) and podosomes (Fig. 1), which are completely 
Immature DCs Mature DCs
Phenotype Spread with adhesions Rounded without adhesions
Location in the body Peripheral tissues Lymph node
Specialized in Recognition of pathogens
Uptake of pathogens
Antigen processing/presentation
T cell stimulation
Adhesion Strong adhesion Weak adhesion
Migration Mesenchymal
(Strong interactions with the ECM and 
protease dependent)
Amoeboid
(Weak interactions with the ECM and 
protease independent)
In vitro 2-D migration 
assay
(Adapted from (18))
14% Mobile 
0.5 µm/min 
86% Mobile 
5 µm/min 
Table 1. Summary of the properties of iDCs versus mDCs Ch
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Immature DCs were seeded onto glass coverslips and left to adhere for 3 hrs. 
The cells were subsequently fixed and stained for Texas Red-conjugated phalloidin and a monoclonal anti-vinculin antibody to visualize actin (red) and vinculin (green), respectively. Despite the similarity in terms of molecular components, podosomes have a round shape, consisting of an actin core surrounded by a vinculin ring, while FAs are tangential structures.
absent in mDCs. It is very likely that these adhesions together orchestrate the adhesive and migratory behaviour of iDCs. However, while the role of FAs in regulating adhesion and migration is well established, the role of podosomes in regulating these cellular processes is only recently emerging. We have shown 
before that podosome dissolution is one of the first steps towards the acquisition of the migratory phenotype of mDCs (19), suggesting that podosomes are of key importance for maintaining the adhesive phenotype of iDCs. Yet, it is still largely unclear how iDCs, in contrast to mDCs, are able to form FAs and podosomes. The 
regulation of the activation status of specific adhesion receptors, namely integrins, during the DC life cycle probably plays a major role.
Actin Vinculin Merged 
Pod Pod Pod FA FA FA 
Figure 1. Immature DCs bear two 
types of adhesion structures: 
podosomes and FAs 
Integrins are the major family of adhesion receptors that regulate the interactions 
with the ECM. Integrins are heterodimers that comprise an α and a β subunit. In 
mammals, eighteen α and eight β subunits have been characterized to form 24 
different heterodimers, all of which have a different affinity for a specific component of the ECM. Most integrins have the ability to switch between an inactive state that 
has a low affinity for the ligand and an active state that has a high affinity for the ligand. Integrin activation state is very important for the formation of adhesions since only in their active conformation, integrins have the ability to cluster and form large adhesion complexes, such as FAs and podosomes. Integrin activation state is controlled by both extracellular ECM components and intracellular signalling pathways (20) and interestingly, integrin activation state is tightly regulated through the DC lifecycle. For example, we have shown that, while the expression of 
the fibronectin-binding β1 integrin is similar for iDCs and mDCs, only on iDCs the active state of this integrin can be detected (19). Thus, a possible explanation for the marked difference between iDCs and mDCs in their ability to form adhesions could be the activation state of their integrins.
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Cellular Actin-Based Structures: FAs, Invadopodia and PodosomesAdhesion structures can roughly be subdivided into two classes: FA-like structures and invadosome-like structures. Invadosomes can be further subdivided into invadopodia and podosomes, however it is still unclear whether and how these 
structures are related and classification remains difficult (Box 1). Although FAs and invadosomes share many different components, they clearly differ in shape, biophysical properties and adhesive function (Table 2) (21, 22). FAs have been the subject of numerous studies. They are relatively stable tangential structures that 
are connected to actin stress fibres and are implicated in stable adhesion. FAs grow and mature upon the induction of myosin IIA-mediated tension which gives them mechanosensitive properties (23-25). Invadosomes, on the other hand, are circular structures that are implicated in matrix degradation and invasion. Invadopodia have an irregular, but roughly round shape and the ability to form large rosettes (7). They are observed in invasive tumour cells and associated with the development of metastases (26). Podosomes are highly dynamic dot-shaped adhesion complexes. They are approximately one micron in size and consist of an actin core surrounded by a ring of integrins. Cytoskeletal adaptor proteins within the ring link the integrins with the actin in the core. In osteoclasts, podosomes play an important role in forming the sealing zone which is essential for bone degradation (27). Recently, it has been shown that podosomes of monocyte-derived DCs are preferred sites of protrusion 
when these cells are seeded on filters impregnated with crosslinked gelatin (28). 
Podosomes Invadopodia Focal Adhesions
Cell type Myeloid cells
Smooth muscle cells 
Endothelial cells 
Invasive tumour cells Almost any cell type
Shape Round: actin core and 
integrin ring
Irregular actin dot Tangential 
Dynamics +++                                     
(Turnover 2-12 min)
++
(Turnover 30 min)
-
(Turnover ≥1 hr)
Adhesion ? - +++
Migration ? ++ +/-
ECM degradation ++ +++ +/-
Mechanosensitive +/-
(Respond to substrate 
rigidity and geometry)
+/-
(Respond to substrate rigidity)
++
(Tension-mediated 
maturation)
Invadosomes
Table 2. Summary of dynamic, structural and functional properties of invadosomes and focal 
adhesions
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Interestingly, podosome distribution substantially differs between cell types, varying from circular belts in osteoclasts to large clusters in macrophages and DCs (29-31). Podosomes are highly dynamic with continuous formation and dissolution within the cluster (30, 32). The lifetime of podosomes ranges between 2-10 minutes and continuous actin turnover has been observed within the podosome core (30, 32). Furthermore, by applying atomic force microscopy (AFM), podosome cores have been shown to exhibit actomyosin-dependent periodic stiffness oscillations in macrophages (33), which are associated with their protrusive behaviour.
Box1. Nomenclature: Podosomes, Invadopodia, Invadosomes and 
Invadosome-Like Structures
Nomenclature is a major issue in the adhesion field that complicates the interpretation and comparison of experimental as well as published data. The term “podosome” has been introduced in 1985 to describe the actin-based membrane 
protrusions in RSV-transformed fibroblasts (1). The group of Marchisio continued to identify similar structures in chicken osteoclasts and also named those structures podosomes (6). In 1989, the term “invadopodium” was introduced by Chen (7) to describe actin-based protrusions in RSV-transformed chicken 
fibroblasts, in principle the same structures as identified in the original article by Tarone and colleagues (1). Obviously, this led to confusion about which term 
to use for which structures. To date, actin-based protrusions have been identified in many cells, ranging from endothelial cells to DCs and from smooth muscle cells to invasive tumour cells. Additionally, the terms podosomes, invadopodia, invadosomes (portmanteau of invadopodia and podosomes) and invadosome-like structures have all been used interchangeably to describe the structures in these different cell types. No doubt that these terms together cover the entire spectrum of small degradative protrusions observed until now, however, some 
clarification is needed to be able to directly compare and contrast results from different studies. Currently, the general consensus is that the term podosomes should be used for structures formed by ‘normal, untransformed’ cells and that the term invadopodia rather describes the structures found in tumour cells. As a consequence of this consent and probably most indicative for the confusion, the 
structures observed in RSV-transformed fibroblasts and originally described as podosomes in 1985 are now considered to be invadopodia. Since our cell type of interest is the monocyte-derived DC that spontaneously forms actin based structures, this thesis selectively describes data on podosomes.
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Regulation of Podosome FormationPodosome cores contain many components that are involved in the regulation of actin polymerization and organization, but it remains largely unclear how these components together orchestrate the formation of podosomes. Podosome formation is most likely initiated by a combination of factors that simultaneously emerge at the ventral plasma membrane, among which increased ventral plasma membrane curvature and elevated levels of the lipid phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P2) are probably of key importance (34, 35). Local plasma membrane curvature recruits the curvature binding protein formin-binding protein 17 (FBP17) and this protein, in concert with elevated PtdIns(4,5)P2 levels, is able to recruit the Wiskott-Aldrich Syndrome protein (WASp). WASp in turn activates the small Rho GTPase Cdc42 and together they induce the polymerization of actin. Podosome cores also contain the actin binding protein cortactin, which, together with WASp, can recruit and activate the Arp2/3 complex (36, 37). Arp2/3 is a protein that is 
essential for the branching of actin filaments and probably plays a key role in the organization of actin within podosome cores. Interestingly, FBP17, WASp, cortactin and Arp2/3 are all essential for the formation of podosomes (34, 38-41), clearly indicating that the complex interplay between these proteins is essential for proper actin polymerization and organization in the podosome core. The bundling proteins 
fimbrin, alpha-actinin and AFAP-110 are also present to further organize the actin within the podosome core (42-44).Integrins in the ring of podosomes provide the connection with the ventral plasma membrane. Many different integrins have been shown to be present in podosomes in 
different cell types. Both β2 and β1 integrins have been identified in DC podosomes 
(19), but αMβ2 is thought to be the essential integrin for podosome functionality in these cells (29). Osteoclast and endothelial cell podosomes mainly contain the 
integrin αVβ3 (45-48). Interestingly, recent evidence indicates that different integrin classes are required for the formation and degradative function of podosomes in 
osteoclasts (49). Moreover, this study showed that osteoclasts deficient in only one class of integrins were still able, although less, to form podosomes, suggesting a certain redundancy among integrins in their ability to form podosomes. The broad 
variety of integrins that is able to organize podosomes makes it difficult to speculate about possible interactions of podosomes with ECM ligands or counterreceptors. Future work should be aimed at unravelling the role of integrins in the formation of podosomes as well as their function within these structures.Podosome formation is regulated by the balance between the activation of the 
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small Rho GTPases Rho, Rac and Cdc42. Constitutively active and inactive mutants of Cdc42 have shown to impair podosome formation in macrophages and DCs (39, 40). Furthermore, macrophages and DCs from Rac2 knockout mice are unable to form podosomes (50, 51). Inhibition of RhoA results in the dissolution of podosomes in many different cell types (40, 52, 53), while activation of RhoA has been shown to cause podosome dissolution in human DCs and osteoclasts (52, 54). Podosome cluster organization has also been shown to be regulated by the activation of RhoA since its inhibition accelerated the switch from unstable podosome rings to a stable peripheral podosome belt in osteoclasts (55). Collectively, these data demonstrate that a tight regulation of the activation of small Rho GTPases is essential for proper formation of podosomes.Another important mode of regulation for podosome formation is tyrosine phosphorylation. The tyrosine kinases Src and Pyk2 are both essential for the organization of podosomes and their substrates (Tks4, Tks5, paxillin, p130(CAS)) are involved in all parts of podosome formation and regulation (56).
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Cytoskeletal Control of Podosomes
The cellular cytoskeleton consists of microfilaments (actin), intermediate 
filaments and microtubules and its main function is to provide the cell with structure 
and shape. Additionally, microfilaments and microtubules are also involved in the transport of vesicles and proteins which is facilitated by motor proteins. Myosins 
facilitate the transport along microfilaments whereas kinesins and dyneins facilitate the transport along microtubules. Although actin is the only integral cytoskeletal component of podosomes, all cytoskeleton constituents are in close contact with podosomes (Fig. 2) and have been implicated in podosome function and organization.
Microfilaments (Actin)
Actin is a small protein that mainly exists as fibrous polymers, called filamentous actin (F-actin), that are composed of many actin subunits, called globular actin 
(G-actin). Formation of F-actin filaments mainly occurs at the cellular ventral or 
dorsal plasma membrane in response to signals. Actin filaments have a polarized 
nature, as polymerization occurs at only one end, called the plus end, of a filament. During actin polymerization, ATP-bound G-actin molecules are added to the plus 
end of a filament, whereas ADP-bound G-actin molecules are released from the 
opposite end, the minus end, to facilitate the depolymerization of an actin filament. Highly specialized proteins regulate the polymerization (WASp and Ena/Vasp proteins (57, 58)) and depolymerization (actin depolymerising factor (ADF) and 
cofillin (59)) of actin filaments. Filaments of actin can be further organized into higher-order structures, named actin bundles. Actin bundling proteins include 
fimbrin (also called plastin), alpha-actinin and fascin (60-62). Importantly, bundling 
of actin filaments can occur in two ways: parallel and antiparallel. Parallel bundling 
means that all the actin filaments within the bundle have the same orientation and 
antiparallel means that the orientation of neighbouring filaments is opposite. While some bundling proteins are limited to only one type of bundling, others are able to form both parallel as well as antiparallel bundles. Fascin for example only forms 
parallel bundles while fimbrin and alpha-actinin have the ability to form both types 
of bundles. Actin filaments also have the ability to branch, which further stabilizes 
actin-based cellular structures. Branching of actin filaments can occur at the end of 
the actin fibres but also halfway and occurs mainly through the action of the Arp2/3 complex (63). Thus, by polymerization, bundling and branching, actin molecules represent themselves as extremely diverse with the potential to form many types of structures.
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At podosomes, actin is mainly located within the podosome core. It is still unclear how actin within podosome cores is organized, but since the function of many proteins within podosomes is well 
defined, one can make an educated estimate. The presence of WASp and the Arp2/3 complex suggests that the actin in the core is highly dynamic and consists of branched 
actin fibres. FRAP experiments revealed continuous actin turnover within the core, indeed indicating that actin is continuously polymerized and depolymerised within the podosome core (32). 
Furthermore, since WASp is located specifically at the ventral plasma membrane, actin polymerization is expected to only occur at the base of podosomes. This implies 
that actin fibres within the podosome all have the same orientation with their plus ends towards the ventral plasma membrane and their minus ends towards the 
cytosol. This hypothesis is supported by the presence of fimbrin within podosome 
cores, which is able to bundle parallel fibres. Furthermore, although it has never been shown directly, general consensus is that the actin within podosomes is very densely packed.
Actin cores are surrounded by filamentous actin fibres that link the podosome 
Dendritic cells were seeded onto glass coverslips and left to adhere for 3 hrs. The 
cells were subsequently fixed and stained for Texas Red-conjugated phalloidin to visualize F-actin and A) a polyclonal anti-myosin antibody B) a monoclonal anti-tubulin antibody and C) a monoclonal anti-vimentin antibody to visualize myosin, the microtubules and the intermediate 
filaments, respectively. The lower panels in C represent the orthogonal views of 3 different podosomes (indicated in the large merged image).
Figure 2. All constituents of the 
cytoskeleton are closely associated with 
podosomes 
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core with the ring (64-66). These fibres are collectively known as the actin 
network or, because the network cannot be resolved by conventional fluorescence microscopy, as the actin ‘cloud’ (32). The actin network most likely consists of less dynamic, nonbranched actin. Arp2/3 and WASp are not present within the network 
and instead of being bundled by fimbrin, these fibres are crosslinked by myosin, 
which organizes actin filaments in an antiparallel fashion.Although the function of actin within podosomes has never been directly studied, general consensus is that the actin provides stability and contributes to podosome protrusive activity. The continuous actin polymerization within the podosome core at the ventral plasma membrane is thought to drive the formation of small cellular protrusions. Furthermore, the fact that podosomes consist of densely packed parallel bundles suggest that these protrusions are very stable and suited to counteract forces from the underlying substrate. It has been shown that the actin-bundling protein fascin is essential for podosome stability in smooth muscle cells (67). The F-actin network has been hypothesized to have many diverse functions at the site of podosomes. First, the F-actin network is thought to provide stability to the podosome core by connecting the actin in the core with the integrins in the ring. This hypothesis is supported by the observation that the actin network colocalizes with the adaptor protein paxillin (66) and is essential for podosome ring integrity ((68) and this thesis). Second, the network plays probably an important role in the dynamics of the podosome core since periodic stiffness oscillations and actin level oscillations in the core depend on an intact actin network ((33) and this thesis). Third, the F-actin network is thought to enhance the protrusive activity of podosomes. Together with the contractile function of myosin, the network is thought to  push the actin cores down thereby driving the protrusion of podosomes. As such, myosin inhibition has been shown to decrease the length of podosomal protrusions in DCs (28). The last function that is attributed to the F-actin network 
correlates with the transport function of microfilaments. Cellular protrusion is not only facilitated by the pushing action of the podosome but also by the active degradation by matrix metalloproteases (MMPs). It has been shown that vesicles 
containing the transmembrane MT1-MMP are transported along actin filaments to the site of podosomes (69). Furthermore, by connecting multiple podosomes, the F-actin network can direct the transport of MT1-MMP exactly to the primary site of protrusion.As already indicated above, it is well established that myosins are closely 
associated with actin filaments. Myosins comprise a large family of motor proteins 
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that are not only involved in muscle contraction, but also in adhesion and migration (70, 71). Although many different myosin classes exist, myosin class II is the best 
studied. Myosin class II was originally identified in muscle cells but later also a non-muscle isoform was discovered, called non muscle myosin class II (NM II). NM II includes two isoforms, NM IIA and NM IIB, which are thought to act differently on the cells cytoskeleton. NM IIA is dynamic and assembles actomyosin bundles into protrusions, whereas NM IIB incorporates into preformed actin bundles and remains stationary (72). Interestingly, in osteoclasts, NM IIA is associated with podosomes in the sealing zone whereas NM IIB localizes to less dynamic regions of the cell (73). Furthermore, NM IIA, like the actin network, has been shown to be essential for periodic stiffness oscillations in podosome cores, which are hypothesized to be the result of podosome protrusive behaviour (33). In agreement with this hypothesis, inhibition of NM IIA leads to decreased podosome protrusiveness in DCs (28).Although podosome formation been associated with cytoskeletal relaxation (74, 75), the exact role of the actomyosin apparatus in regulating podosome formation remains controversial. Whereas NM IIA inhibition promotes podosome formation in smooth muscle cells (74, 75), basal myosin activity appears to be necessary for podosome formation and maintenance in human monocyte-derived macrophages and smooth muscle cells (76-78). Furthermore, we have shown before that myosin mediated contraction, induced by PGE2, leads to the immediate dissolution of podosomes in human monocyte-derived DCs (54). Together, these results suggest that myosin has a major role in regulating podosome dynamics and protrusiveness. Podosome regulation therefore appears to depend on a tight balance between myosin activation and inactivation.
MicrotubulesMicrotubules are highly dynamic polymers of the protein tubulin that facilitate the transport of solutes and vesicles within almost all cell types (79). They originate from microtubule organizing centres (MTOC) and are thought to be self-organized. Microtubules are closely associated with podosomes in osteoclasts and macrophages (30, 42, 80), and they play a major role in podosome formation and organization in these cells. For macrophages, it has been shown that the initial formation of podosomes is dependent on intact microtubules (81). However, once podosomes have formed, the addition of microtubule destabilizing or stabilizing drugs leaves podosomes intact (30). Microtubules seem to repeatedly contact podosomes 
in macrophages, a phenomenon that is associated with podosome fission and 
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dissolution (77). Microtubule disruption was shown to decrease the number of fission and fusion events in macrophages (30). For osteoclasts, microtubules have been shown to be involved in the organization of higher-ordered podosome structures, as they are essential for the formation of podosome belts (32, 42). Interestingly, depolymerization of microtubules has no effect on established podosome clusters or rings in osteoclasts (32).How microtubules regulate podosome formation and organization remains unclear. As described above, podosome formation and organization is critically controlled by the balance in the activation of small Rho GTPases. Interestingly, microtubules regulate the activation status of many small Rho GTPases. In 
fibroblasts and multinucleated giant cells, microtubule depolymerization leads to increased RhoA activity and decreased Rac1 activity, and vice versa (83-85). The activity of small Rho GTPases is regulated by guanine-exchange factors (GEFs) and microtubules have been shown to bind several of these GEFs (86, 87). Thus, by controlling the activity of small Rho GTPases through the activation of GEFs, microtubules can potentially regulate podosome formation and organization.During osteoclast maturation, podosomes are redistributed from relatively unstable rings to stable belts, a process that is accompanied by microtubule acetylation (55, 80). Microtubules are regulated by many posttranslational 
modifications, of which acetylation is the best described. Tubulin acetylation is associated with long-lived stable microtubules and with enhanced intracellular transport through the kinesin-1 family (88, 89). So far, only one tubulin acetylase, 
named αTAT1 (90), and two tubulin deacetylases, named SIRT2 and HDAC6 (91, 
92), have been identified. Interestingly, HDAC6 has been shown to be present in podosomes of mature osteoclasts, suggesting that microtubule deacetylation can be regulated locally at the site of podosomes (80). Increased HDAC6 activity, through the activation of the RhoA-mDia2 pathway, leads to podosome redistribution and reduces bone resorption capacity in mature osteoclasts (55, 93). Furthermore, c-Cbl and Cbl-b, which prevent the binding of HDAC6 to microtubules, have been shown to be essential for podosome belt formation and promote bone resorption in osteoclasts (94). It has to be noted that enhanced HDAC6 activity only affected podosome distribution, indicating that podosome formation is not affected by microtubule stability. Microtubules are essential for the intracellular transport of vesicles and proteins. Kinesins and dyneins facilitate the transport along microtubules. In general, kinesins transport cargo from the centre to the periphery of the cell, i.e. anterograde transport, 
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whereas dyneins are responsible for the transport from the periphery to the centre, i.e. retrograde transport. Several kinesins have been implicated in podosome formation and turnover. Knockdown of KIF1C leads to podosome loss and the 
cells that still bear podosomes displayed less podosome fission (77). Furthermore, microtubules associated with KIF1C that contact podosomes often induce a change 
in podosome behaviour such as dissolution or fission (77). More recently, also the kinesin family member KIF9 was reported to be involved in podosome formation, 
since its knockdown results in significantly reduced number of podosomes per cell (95). So far, no dynein family members have been associated with podosome function and regulation. Although it is not yet clear how kinesins control the formation of podosomes, it has been suggested that they are essential for the transport of factors that regulate podosome formation and behaviour. WASp, a critical regulator of actin polymerization at the site of podosomes, could be one of those factors, since the microinjection of WASp polyproline domain, which is thought to link WASp with microtubules, results in podosome loss (81). Furthermore, since podosomes are thought to be involved in matrix degradation, it is hypothesized that the delivery of metalloproteases and potentially also the retrograde transport of degraded material could be facilitated by microtubules that contact podosomes (69). However, the exact role of microtubule-mediated transport in podosome formation and function still remains to be determined.
Interplay Between Actin and Microtubules by Motor Proteins
Podosomes are associated with both actin filaments and microtubules. Interestingly, evidence is emerging that both these transport systems are functionally 
interlinked by their motor proteins. Actin filaments and microtubules both serve as intracellular roadways along which cargo is transported. Whereas microtubules are associated with long-range transport from the cell’s centre to the periphery, 
actin filaments are thought to facilitate the short-range transport within the cell’s periphery. Transportation of cargo along microtubules is facilitated by the kinesin and dynein motor proteins, and myosin motor proteins facilitate the transport along 
actin filaments. Kinesin and myosin motor proteins show a remarkable degree of similarity at the structural level (96). Furthermore, myosins and kinesins have been shown to interact (97) and to cooperate in the transport of cargo to the cell’s periphery in a variety of cells (98). More recently, it was shown that there is a major functional overlap since the myosin tail, which can bind to vesicles, can substitute for the kinesin tail in yeast chimera studies (99). Interestingly, loss of myosin IIA 
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reduces microtubule dynamics in fibroblasts, again indicating that crosstalk exists between the actomyosin apparatus and microtubules (100).
Not much is known about the interplay between actin filaments and microtubules in regulating podosome formation and function. Myosin X knockdown leads to decreased podosome belt formation and bone resorption in osteoclasts (101). 
Within these cells, myosin X and β-tubulin interact, and the overexpression of the myosin X microtubule binding domain also affected podosome formation and bone resorption, suggesting that the interaction of myosin X with microtubules is indeed essential for podosome positioning in osteoclasts. For macrophages, it has been shown that myosin IIA inhibition with blebbistatin results in podosome dissolution, which was attributed to the reduced coupling of actin and microtubules through myosins (77). Future studies should focus on this interplay to provide more insight into the how the interplay between the actomyosin apparatus and microtubules regulates podosome formation and function.
Intermediate Filaments
Intermediate filaments together with actin filaments and microtubules comprise the cell’s cytoskeleton. They are called intermediate because their diameter (8-12 nm) 
is intermediate between the diameters of microtubules (25 nm) and actin filaments 
(5-8 nm). In contrast to actin filaments and microtubules, intermediate filaments 
lack polarity. Vimentin is the most widely distributed intermediate filament protein and plays an important role in organizing cell shape and anchoring organelles. The 
intermediate filaments are less well studied compared to the other components 
of the cell’s cytoskeleton. Also the role of intermediate filaments on the regulation 
of podosomes is not yet well understood. Although intermediate filaments are not 
directly associated with podosomes, several intermediate filament crosslinking 
proteins, such as fimbrin and plectin, have been identified in podosomes. Fimbrin 
is an actin-bundling protein that binds to intermediate filaments (102). It has been shown to colocalize with podosome cores in macrophages and osteoclasts (42, 44, 102), but its function within podosomes remains elusive. Plectin, which can bind to 
actin, microtubules and intermediate filaments is found in the ring of podosomes and has been shown to be required for the growth of podosomes (103). However, it 
remains to be determined whether intermediate filaments play a role in regulating 
plectin function within podosomes. Intermediate filaments have been shown to negatively regulate podosome rosette formation in Src-transformed MEFs (104). In this study, FAK depletion or RhoA activation inhibited the formation of podosome 
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rosettes, an effect that could be blocked by vimentin depletion. However, the structures formed by these cells, which have been transformed with Src-kinase, are now regarded as invadopodia due to the tumorigenic properties of Src-transformed 
cells. Thus, although there are indications that intermediate filaments play a role in the formation and distribution of podosomes and related structures, their exact role in these processes remains to be determined.
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Scope of This ThesisBy linking the innate with the adaptive immune systems, DCs are the key regulators of immune responses. During their lifetime, DCs undergo a remarkable transition from an endocytic cell that is specialized in the uptake and processing of antigens to an antigen-presenting cell that orchestrates the activation of T lymphocytes within lymph nodes. This transition, which is known as maturation, is accompanied by major changes in adhesive and migratory behaviour. Immature DCs are adhesive and slowly migrate though peripheral tissues in a mode that is called mesenchymal migration, whereas mature DCs are highly migratory and exhibit fast amoeboid migration on their way to lymph nodes. Interestingly, immature DCs form small adhesive structures, called podosomes, which are completely absent in mature DCs. Podosomes are thought to be exploited by the immature DC to facilitate mesenchymal migration and to cross cellular boundaries and basement membranes. Because of their immunostimulatory properties, DCs are currently used as a base for cancer vaccines. Importantly, DC migration to lymph nodes, which is an essential step in the induction of anti-tumor immune responses, is one of the major concerns of these DC-based immunotherapies. More insight into podosome biology will be instrumental in understanding the adhesive and migratory properties of DCs and could potentially increase the quality of DC-based anti-tumor vaccines to improve 
the efficacy of clinical trials.The aim of this thesis was to investigate the regulation, dynamics and structure of podosomes in immature DCs. In chapter 2 we investigated the relation between the phenotypical maturation of DCs and the changes in adhesive and migratory properties. By inducing DC maturation with different toll-like receptor ligands, we show that the immunostimulatory properties of DCs are directly correlated with their adhesive and migratory behaviour. In chapter 3 we show that podosomes are exploited by dendritic cells to sense the underlying substrate. We demonstrate that 
2-D and 3-D substrate geometry influences podosome distribution and eventually affect DC phenotype. To perform quantitative microscopy analysis of podosome 
composition, I developed an image analysis algorithm to specifically identify 
podosome core and ring within fluorescence microscopy images (applied for the studies shown in chapter 5 and 6), of which the details are described in chapter 4. Podosomes comprise two modules, a protrusive core and an adhesive ring, that need to constantly communicate to coordinate cellular migration and invasion. In chapter 
5, the interplay between the actin network and myosin IIA in regulating the integrity and oscillations of podosomes is investigated, demonstrating that the actin network 
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acts as a myosin-independent tension transmission system that functionally links the podosome core and ring. Finally, in chapter 6 we exploited super-resolution 
microscopy, more specifically dual-color direct Stochastic Optical Reconstruction Microscopy (dSTORM), to study the podosomal nanoarchitecture, thereby providing mechanistic insight into the protrusive capacity of podosomes.
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Chapter 2
TLR4-Mediated Podosome Loss 
Discriminates Gram-Negative from 
Gram-Positive Bacteria in Their 
Capacity to Induce Dendritic Cell 
Migration and Maturation
34 | Chapter 2Chronic infections are caused by microorganisms that display effective immune evasion mechanisms. Dendritic cell (DC)-dependent T cell-mediated adaptive immunity is one of the mechanisms that have evolved to prevent the occurrence of chronic bacterial infections. In turn, bacterial pathogens have developed strategies to evade immune recognition. In this study, we show that Gram-negative and Gram-positive bacteria differ in their ability to activate DCs and that Gram-negative bacteria are far more effective inducers of DC maturation. Moreover, we observed that only Gram-negative bacteria can induce loss of adhesive podosome structures in DCs, a response necessary for the induction of effective DC migration. We demonstrate that the ability of Gram-negative bacteria to trigger podosome 
turnover and induce DC migration reflects their capacity to selectively activate TLR4. Examining mice defective in TLR4 signaling, we show that this DC maturation and 
migration are mainly Toll/IL-1 receptor domain containing adaptor-inducing IFN-β-dependent. Furthermore, we show that these processes depend on the production of PGs by these DCs, suggesting a direct link between TLR4-mediated signaling and 
arachidonic metabolism. These findings demonstrate that Gram-positive and Gram-negative bacteria profoundly differ in their capacity to activate DCs. We propose that this inability of Gram-positive bacteria to induce DC maturation and migration is part of the armamentarium necessary for avoiding the induction of an effective cellular immune response and may explain the frequent involvement of these pathogens in chronic infections.
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IntroductionPathogenic bacteria are an important cause of morbidity and mortality worldwide. Most bacterial infections represent acute episodes that are effectively controlled by innate host defense mechanisms. If infections persist longer than one week, presentation of bacterial Ags by dendritic cells (DCs) to T cells leads to the induction of effective adaptive immune responses that will ultimately eliminate the invading pathogen, and prevent the occurrence of a chronic infection. Chronic bacterial infections are often caused by Gram-positive microorganisms (staphylococci or streptococci), which cause chronic soft tissue infections, or by 
Mycobacterium and Bartonella spp. Apparently, these pathogens developed effective mechanisms to prevent the induction of cellular immune responses. The signaling pathways responsible for the pattern recognition of these microorganisms likely play an important role in the subsequent activation of adaptive cellular responses. APCs, such as DCs, play an important role in inducing adaptive immunity, but surprisingly little is known about the activation of DC functions by these various classes of pathogens. On the basis of composition and structure of their cell wall, bacteria can be 
classified as either Gram-positive or Gram-negative. These differences in outer membrane composition give rise to differential recognition by pathogen recognition receptors (PRRs). TLRs constitute a family of PRRs that mediate cellular responses 
to a large variety of pathogens (viruses, bacteria, and parasites) by specific recognition of so-called “pathogen-associated molecular patterns.” Activation of TLRs, which comprise at least 11 different members that function either as homo- or heterodimers (1), leads to activation of NFkB-dependent and IFN-regulatory factor–dependent signaling pathways (2). LPS, an important cell wall component present on the prototype Gram-negative bacterial pathogens in humans, the enterobacteriaceae and Neisseria spp., is mainly recognized by TLR4. In contrast, peptidoglycans, lipoteichoic acid, and lipoproteins, structural components of Gram-positive bacteria predominantly activate TLR2 (3–5), often in a heterodimeric association with TLR1 or TLR6. In addition, TLRs can modulate each others’ function to affect immune responses (2). In addition, several nonenterobacteriaceal Gram-negative bacteria have been described, such as Bartonella spp., Chlamydia spp., Porphyromonas 
gingivalis, that contain LPS variants that cannot activate TLR4. As a consequence, these are mainly recognized by TLR2, similar to Gram-positive microorganisms (6, 7). DCs are among the most potent APCs of the immune system (8) and they express a variety of PRRs, such as C-type lectins, NOD-like receptors, as well as TLRs (9–11). 
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Activation of TLRs present on DCs, leads to the induction of both innate as well as adaptive immune responses. Upon ligation of TLRs, DCs become activated, mature to increase expression of costimulatory molecules and produce cytokines, and migrate to the lymph nodes where T and B cells can be activated. So far, most studies 
addressing the effects of TLR activation on DCs involve the use of highly purified or synthetic ligands. Much less is known about how DCs respond to intact pathogens, let alone different classes of bacteria. In the current study, we sought to investigate how entire Gram-negative and Gram-positive bacteria affect DC maturation and especially the adhesive and migratory behavior of DCs. In previous studies, we observed that podosomes, specialized adhesion structures found in immature DCs (iDCs), dissolve in response 
to the purified TLR4 ligand LPS. Dissolution of podosomes was identified as an 
essential first step toward a highly migratory DC phenotype (12). In the current study, we show that only Gram-negative bacteria are capable of inducing podosome dissolution. These effects are completely dependent on TLR4 and downstream signals and mediated by production of PGs by the DCs. Moreover, Gram-negative pathogens that fail to stimulate TLR4 resemble Gram-positive bacteria in their inability to induce podosome dissolution. Ineffective DC activation and migration may thus represent one of the conditions necessary to establish a chronic infection by these pathogenic microorganisms. 
Materials and Methods 
Chemicals and AbsThe following Abs were used: anti-hCD80 and mIgG1 (Becton Dickinson, Franklin Lakes, 
NJ), anti-hCD83 (Beckman Coulter, Mijdrecht, The Netherlands), mIgG2a and mIgG2b (BD Pharmingen, San Diego, CA), anti-hCCR7 (R&D Systems, Minneapolis, MN), and anti-vinculin (Sigma- Aldrich, St. Louis, MO). Alexa Fluor 488-labeled secondary Abs were from Molecular Probes (Leiden, The Netherlands), FITC-labeled secondary Abs from Zymed (San Francisco, CA), and PE-labeled secondary Abs from Beckman Coulter and Becton Dickinson. Texas Red-conjugated phalloidin (Molecular Probes) was used to stain F-actin. Indomethacin and LPS 
[which was purified before use as described previously (13, 14)] were obtained from Sigma-Aldrich. Indomethacin was used at a concentration of 50 µM, because lower concentrations gave partial effects and concentrations >100 µM were toxic. Pam3Cys (Pam3Cys-SKKKK or 
Pam3CSK4) and FSL-1 [S-(2,3-bispalmitoyloxypropyl)-CGDPKHSPKSF] were obtained from EMC Microcollections (Tuebingen, Germany). TNF-binding protein, IL-1 receptor antagonist, and IL-1 converting enzyme inhibitor were kindly provided by Dr. C. Dinarello, University of Colorado, Denver, CO. S. enteritidis (15) and S. pneumoniae (kindly supplied by Dr. P. Verweij, 
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Radboud University Nijmegen Medical Centre, Nijmegen, The Netherlands) were clinical iso-lates. N. meningitidis H44/76 was isolated from a patient with invasive meningococcal disease (16) (kindly provided by Dr. P van der Ley, Laboratory of Vaccine Research, Netherlands Vac-cine Institute, Bilthoven, The Netherlands). S. aureus was obtained from the American Type Culture Collection (ATCC 43300). B. quintana Oklahoma strain (6) and S. pneumoniae strain TW-183 (7) were used. B. quintana-derived LPS was used as a TLR4 antagonist (6). S. pneu-
moniae OXC141 is a capsular serotype 3 strain (17) (kindly provided by Dr. P. Hermans, Rad-boud University Nijmegen Medical Centre, Nijmegen, The Netherlands). All bacteria were heat killed and used at multiplicity of infection (MOI) 20. For FITC-labeling, bacteria were washed in PBS and incubated in 0.5 mg/ml FITC for 60 min. FITC-labeled bacteria were washed and stored in PBS at -20°C.
Preparation of Human DCsDCs were generated from PBMCs as described previously (18, 19). Monocytes were derived either from buffy coats or from a leukapheresis product. Plastic-adherent monocytes were cultured in RPMI 1640 medium (Life Technologies, Breda, The Netherlands) supplemented with 10% (v/v) FCS (Greiner, Kremsmuenster, Austria), IL-4 (500 U/ml), and GM-CSF (800 U/ml). The iDCs were harvested on day 6. Expression of MHC class I and II, costimulatory mol-
ecules, and DC-specific markers on DCs were measured by flow cytometry (data not shown) and the expression of MHC molecules, costimulatory molecules, and DC markers was similar to what was described previously (20). The iDCs expressed MHC class I and II, the costimula-
tory molecule CD86, the DC-specific marker CD209/DC-SIGN, low levels of the costimulatory molecule CD80, and lacked expression of the maturation marker CD83.
MiceC57BL/6 mice were obtained from Charles River Wiga Gmbh (Sulzfeld, Germany). TLR2-/- (5), TLR4-/-, and MyD88-/- (21) mice were obtained from S. Akira (Osaka University, Osaka, Japan). The MyD88-/- mice were backcrossed more than eight times on the C57BL/6 background. 
Lps2 mice were obtained from B. Beutler (The Scripps Research Institute, La Jolla, CA).
Preparation of Mouse DCsBone marrow was isolated from the femurs of C57BL/6 wild type (WT), TLR2-/-, or TLR4-/- mice. Bone marrow cells were cultured in RPMI 1640 medium supplemented with 10% (v/v) FCS, 50 µM 2-ME (Sigma- Aldrich), mouse IL-4 (10 ng/ml) (DNAX, Schering-Plough, Palo Alto, CA), and GM-CSF (10 ng/ml) (PeproTech EC, London, U.K.). Immature bone marrow-derived DCs (BMDCs) were harvested at day 7. Expression of MHC class I and II, costimulatory mol-
ecules, and DC-specific markers on DCs were measured by flow cytometry. The immature BMDCs expressed high levels of MHC class I and II, CD11c and CD11b, moderate levels of CD80, CD86, CD40, and GR-1 and no expression of F4/80 could be detected (data not shown). 
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Flow CytometryCells (1 x 105) were incubated with 2% (v/v) human serum in PBA (PBS containing 1% [w/v] 
BSA and 0.05% [w/v] NaN3) for 15 min at 4°C. After washing with cold PBA, the cells were incubated with primary Ab (5 µg/ ml) for 30 min at 4°C. Subsequently, the cells were incu-bated with PE-labeled goat anti-mouse. Cells were washed and resuspended in 100 ml PBA. Fluorescence was measured using a FACSCalibur with CellQuest software (Becton Dickinson). 
Fluorescence Microscopy
Coverslips were coated with fibronectin (20 mg/ml) (Roche, Mannheim, Germany) in PBS for 
1 h at 37°C. Cells were seeded on fibronectin-coated coverslips, left to adhere for 16 h. After 
stimulation or being left unstimulated, the cells were fixed in 3.7% (w/v) formaldehyde in PBS for 10 min. Cells were permeabilized in 0.1% (v/v) Triton X-100 in PBS for 5 min and blocked with 2% (w/v) BSA in PBS. The cells were incubated with primary Ab for 1 h. Subse-quently, the cells were washed with PBS and incubated with Alexa Fluor 488-labeled second-ary Abs for 45 min. Finally, cells were incubated with Texas Red-conjugated phalloidin for 30 min prior to embedding in Mowiol (Sigma-Aldrich). Images were collected on a Leica DMRA 
fluorescence microscope with a 633 PL APO 1.3 NA oil immersion lens or a 403 PL Fluotar 1.0 NA oil immersion lens and a COHU high-performance integrating CCD camera (COHU, San 
Diego, CA). Pictures were analyzed with Leica Q-fluoro version V1.2.0 (Leica Microsystems, Bannockburn, IL) and Adobe Photoshop 7.0 (Adobe Systems, Mountain View, CA) software.
Podosome Assay
Cells were seeded on fibronectin-coated coverslips, stimulated as indicated, and stained with an antivinculin mAb and phalloidin-Texas Red to detect F-actin. The number of cells display-ing podosomes was counted in seven images per condition per experiment, this corresponds to 50–115 cells per experiment. The number of independent experiments is indicated in the legends. An average with SEM is given.
Cytokine and PGE2 Measurement
Concentrations of human TNF, IL-6, and IL-8 were measured using a human inflammation cytokine bead array (CBA) (Becton Dickinson) according to the manufacturer’s instructions. This CBA has an upper limit of 1 x 104 pg/ml. Concentrations of human TNF-α were deter-
mined using specific RIAs as described previously (22). Concentrations of human IL-6 were measured by using a commercial ELISA kit (Sanquin, Amsterdam, The Netherlands). Concen-trations of PGE2 were measured by using a commercial ELISA kit (Assay Designs, Ann Arbor, MI).
Migration Assay
The 96-well flat bottom plates (Costar, Corning, Acton, MA) were coated with fibronectin, washed, and blocked with 0.01% (w/v) gelatin (Sigma- Aldrich) in PBS for 30 min at 37°C. Per well, 3 x 103 cells were added and mineral oil was pipetted on top of the medium to prevent 
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pH changes and evaporation of the medium. Cell migration was tracked using a previously de-scribed migration system (23). Cells were recorded for 1 h, followed by analysis of individual 
cells. The speed was defined as traversed path during the entire experiment divided by the imaging time.
Transwell MigrationMigration of DCs toward CCL21 was assessed by a transwell migration assay. DCs were left unstimulated or stimulated with LPS, S. enteritidis, N. meningitides, S. aureus, or S. pneumoniae for 48 h. The 1 x 105 cells in 200 ml RPMI 1640 with GM-CSF and IL-4 were transferred into 
the upper chamber of 5-µm pore size polycarbonate filters in 24-well Transwell chambers (Costar, Corning). The lower chamber contained 600 ml RPMI 1640 with GM-CSF and IL-4 and with or without 100 ng/ml CCL21 (R&D Systems). Cells were allowed to migrate for 2 h. The 
migrated cells from the bottom chamber were harvested and counted by flow cytometry in a FACScan (Becton Dickinson), acquiring events for a period of 60 s using WinMDI software. All conditions were tested in duplicate.
T Cell Proliferation T cell proliferation was assessed by [3H]thymidine incorporation. MLR was induced by DCs left unstimulated or stimulated with LPS, S. enteritidis, N. meningitides, S. aureus, or S. pneu-
moniae for 48 h. PBL (1 x 105) were cocultured with 1 x 104 DCs in 96-well round-bottom plates for 4 d. PBL proliferation was assessed by measuring [3H]thymidine incorporation (1 µCi/well, 8–16 h pulse, MP Biomedicals, Irvine, CA).
Statistical AnalysisAn ANOVA test or a two-tailed Student t test was used for statistical analysis. The p < 0.05 (and 
p < 0.01 for the MLR) was considered significant.
Results
Gram-Negative Bacteria are Superior to Gram-Positive Bacteria in Inducing 
DC MaturationWe compared the intact Gram-negative bacteria N. meningitidis and S. enteritidis, as well as the Gram-positive bacteria S. aureus and S. pneumoniae for their ability to activate DCs. The effects of these pathogens on DC maturation was determined by measuring the induction of cytokine secretion as well as the expression of the costimulatory molecules CD80 and CD83, and the chemokine receptor CCR7, which is essential for DC migration to the draining lymph nodes. Exposure of DCs to Gram-
negative bacteria resulted in high levels of TNF-α, IL-6, and IL-8 and the extent of cytokine secretion observed in response to whole bacteria was comparable to that induced by LPS (Fig. 1A). In the CD80, CD86, and CCR7 expression measurements, 
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the mean fluorescence intensity values with isotype controls were between 3.5 and 4.3 for mIgG1 (CD80), between 3.5 and 12.4 for mIgG2b (CD83), and between 6.2 and 7.8 for mIgG2a (CCR7). In addition to stimulating cytokine production, exposure of DCs to Gram-negative bacteria gave rise to profound upregulation of CD80, CD83, as well as CCR7 compared with iDCs (Fig. 1B). By contrast, secretion of cytokines 
showed (12), E. coli-derived LPS, a TLR4 ligand, was able to
induce podosome loss. However, the TLR2/1 ligand Pam3Cys
and the TLR2/6 ligand FSL-1 alone or in combination failed to
dissolve podosomes (Fig. 3A, 3B). Also prolonged stimulation
with TLR2 ligands did not induce podosome loss, suggesting that
the difference is not due to delayed responses to Gram-positive
bacteria. TLR2 ligands were able to evoke some effect on the
DCs, because stimulation with Pam3Cys or FSL-1 induced pro-
duction of TNF and IL-6, although the levels were significantly
lower than those observed in response to LPS (Fig. 3C). A po-
tential synergy between the TLR4 and TLR2 ligands was in-
vestigated by combining a suboptimal concentration of LPS (6
ng/ml), derived from LPS serial dilutions (Fig. 3D), with TLR2
ligands. However, no synergy between LPS and TLR2 ligands
could be observed (Fig. 3E). We conclude that also purified TLR4
and TLR2 ligands differ in their capacity to induce podosome
dissolution.
Loss of podosomes and induction of migration is critically
dependent on TLR4 signaling on binding to LPS
To test the role of LPS on intact bacteria we examined two strains of
intracellularGram-negative bacteria,B. quintana andC.pneumoniae,
which each carry a structurally distinct form of LPS that is not ca-
pable of TLR4 signaling (6, 25, 26). Stimulation of iDCs with
B. quintana or C. pneumoniae had no effect on the amount of po-
dosomes (Fig. 4A), suggesting that podosome loss induced by Gram-
negative bacteria requires TLR4 activation. Consistent with this no-
tion, addition of the TLR4 antagonistB. quintanaLPS (6) completely
blocked the LPS- or Gram-negative bacteria-induced podosome loss
(Fig. 4B), confirming that the response indeed is TLR4 mediated.
FIGURE 1. Gram-negative bacteria are superior to Gram-positive bacteria in inducing DC maturation. The iDCs were left untreated or incubated with
LPS, N. meningitidis, S. enteritidis, S. aureus, or S. pneumoniae for 42–48 h. A, Supernatants were harvested from the stimulated DCs and the levels of
human TNF-a, IL-6, and IL-8 were measured with an inflammatory cytokine beads array. An average of five experiments (6 SEM) is depicted. Significant
differences (p , 0.05) from control are indicated with an asterisk (p). B, The expression of the costimulatory molecules CD80 and CD83, and the che-
mokine receptor CCR7, was analyzed by flow cytometry. The average mean fluorescence intensity (6 SEM) of four experiments is depicted. Significant
differences (p , 0.05) from control are indicated with an asterisk (p). C, T cell proliferation was analyzed by [3H]thymidine incorporation. The average
counts (6 SEM) of four experiments are depicted. Significant differences (p , 0.01) from control are indicated with an asterisk (p). D, Random migration
on fibronectin-coated plates was monitored for 60 min. The percentage of migrating cells (6 SEM) is depicted. Significant differences (p , 0.05) from
control are indicated with an asterisk (p).
The Journal of Immunology 1283
 o
n
 A
pril 29, 2012
w
w
w
.jimmunol.org
D
ow
nloaded from
 
A B
C
D
Figure 1. Gram-negative bacteria are superior to Gram-positive bacteria in inducing DC maturation.The iDCs were left untr ate  or incubated with LPS, N. meningitidis, S. enteritidis, S. aureus, or S. 
pneumoniae for 42–48 h. A) Supernatants were harvested from the stimulated DCs and the levels of 
human TNF-α, IL-6, and IL-8 were measured with an inflammatory cytokine beads array. An average of 
five experim nts (± SEM) is epicted. Significant differe c s (p < 0.05) from co trol ar  i dicated with an asterisk (*). B) The expression of the costimulatory molecules CD80 and CD83, and the chemokine 
receptor CCR7, was analyzed by flow cytometry. The average mean fluorescence intensity (± SEM) of four 
exp riments is depicted. Significant differences (p < 0.05) from control are indicated with an asterisk (*). 
C) T cell proliferation was analyzed by [3H]thymidine incorporation. The average counts (± SEM) of four 
experiments are depicted. Significant differe ces (p < 0.01) from control are indicated with an asterisk (*). D) Random migration on fibronectin-coated plates was monitored for 60 min. The percentage of 
migrating cells (± SEM) is depicted. Significant differences (p < 0.05) from control are indicated with an asterisk (*).
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and expression of maturation markers was lower when DCs were exposed to Gram-positive bacteria instead of Gram-negative bacteria or LPS (Fig. 1B). In addition to promoting cytokine production and DC maturation, DCs stimulated with LPS or Gram-negative bacteria were effective inducers of T cell proliferation in a MLR, whereas DCs stimulated with S. pneumoniae were not (Fig. 1C). Unexpectedly, DCs stimulated with the Gram-positive strain S. aureus were also potent stimulators of T cell proliferation (Fig. 1C), which could be explained by the presence of S. aureus super-Ags. Super-Ags induce T cell proliferation by binding to MHC molecules on the DCs as well as TCRs on the T cells (24). Hence, this type of stimulation bypasses the need for costimulatory molecules and is thus independent of the maturation state of the DCs. 
To efficiently activate T cells in vivo, DCs must travel to the draining lymph nodes. Hence, the induction of migratory capacity is an important aspect of DC maturation. 
Therefore, random DC migration on fibronectin was investigated. About 20–40% of the unstimulated iDCs or Gram-positive–stimulated DCs were migratory, whereas exposure to Gram-negative bacteria or LPS not only raised migration speed (results not shown), but also increased the total number of migrating cells to 70% (Fig. 1D). The failure of Gram-positive bacteria to induce CCR7 expression indicates that the latter may also show a reduced ability to stimulate DC migration toward CCL21 and CCL19. To test this assertion, transwell migration toward CCL21 was investigated. Although the observed differences were small and did not reach statistical 
significance, Gram-negative bacteria or LPS consistently induced more migration toward CCL21 than Gram-positive bacteria (Supplemental Fig. 1). Taken together, 
these results show that intact Gram-negative bacteria are more efficient inducers of DC maturation and migration than Gram-positive bacteria.
Strains of Gram-Negative but not Gram-Positive Bacteria Induce Podosome 
Loss in DCsNext to phenotypic alterations, DC maturation is accompanied by profound cell behavioral changes. Whereas iDCs are strongly adhesive and attach to the substrate through specialized adhesions known as podosomes, mature DCs (mDCs) show much less matrix attachment. This reduced cell-matrix adhesion allows mDCs to migrate at much higher speeds. Previously, we showed that podosome dissolution, in response to maturation stimuli, precedes induction of high-speed migration (12). Because we observed major differences in the migratory properties of DCs exposed to intact Gram-negative and Gram-positive bacteria, we examined if their 
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ability to induce podosome dissolution was also affected. Indeed, although all the Gram-negative bacterial species tested induced podosome dissolution successfully, the Gram-positive bacteria failed to induce podosome dissolution (Fig. 2A, 2B). It 
We also tested the effects of differential TLR activation on
podosome turnover using mouse BMDCs. Again, podosome dis-
solution was observed after exposure to LPS and Gram-negative
bacteria, but not in response to Pam3Cys, FSL-1, or Gram-positive
bacteria (Fig. 4C, 4D), showing that these differential responses
are conserved between mice and humans. In addition to BMDCs
derived from WT mice, TLR2 and TLR4 knockout BMDCs were
also used. We observed that the LPS- and Gram-negative bacteria-
induced podosome dissolution was intact in TLR22/2 BMDCs,
whereas abrogated in TLR42/2 BMDCs (Fig. 4C, 4D). WT,
TLR22/2, as well as TLR42/2 BMDCs similarly underwent rapid
podosome dissolution in response to PGE2 (data not shown),
FIGURE 2. Gram-negative bacteria induce podosome loss, whereas Gram-positive bacteria do not. A and B, iDCs were left untreated or stimulated with
LPS, N. meningitidis, S. enteritidis, S. aureus, or S. pneumoniae at MOI 20 for 16 h. A, Podosomes were stained with an antivinculin mAb (green) and
phalloidin-Texas Red to detect F-actin (red). Representative images are depicted. Scale bar indicates 20 mm (original magnification 3 40). B, The average
number of cells displaying podosomes of four experiments (6 SEM) is shown. Significant differences (p, 0.05) from control are indicated with an asterisk
(p). C, iDCs were left untreated or stimulated with S. aureus or S. pneumoniae at MOI 20 for 16 h with or without 10 mg/ml PGE2 for 5 min or PGE2 alone.
The average number of cells displaying podosomes of five experiments (6 SEM) is shown. Significant differences (p , 0.05) from control are indicated
with an asterisk (p). D and E, iDCs were incubated for 45–60 min with FITC-labeled bacteria. D, The amount of DCs that had bound (or internalized)
bacteria was analyzed by flow cytometry. A representative experiment is shown. E, Internalization was confirmed by making z-stacks using a Zeiss LSM
510-meta microscope. Representative images are depicted. Scale bar indicates 10 mm.
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Figure 2. Gram-negative bacteria induce 
podosome loss, whereas Gram-positive bacteria 
do not.
A and B) iDCs were left untreated or stimulated with LPS, N. meningitidis, S. enteritidis, S. aureus, or 
S. pneumoniae at MOI 20 for 16 h. A) Podosomes were stained with an antivinculin mAb (green) and phalloidin-Texas Red to detect F-actin (red). Representative images are depicted. Scale bar 
indicates 20 µm (original magnification x40). B) The average nu ber of cells displaying podosomes of 
four experiments (± SEM) is shown. Significant differences (p < 0.05) from control are indicated with an asterisk (*). C) iDCs were left untreated or stimul ted with S. aureus or S. pneumoniae at MOI 20 for 16 h with or without 10 µg/ml PGE2 for 5 min or PGE2 alone. The average number of cells displaying 
podosomes of five experiments (± SEM) is shown. Significant differences (p < 0.05) from control are indicated with an asterisk (*). D and E) iDCs were incubated for 45–60 min with FITC-labeled bacteria. 
D) The amount of DCs that had bound (or internalized) bacteria was analyzed by flow cytometry. A representative experiment is shown. E) Internalization was confirmed by making z-stacks using a Zeiss LSM 510-meta microscope. Representative images are depicted. Scale bar indicates 10 µm.
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is important to note that Gram-positive bacteria do not actively prevent podosome dissolution, because the addition of PGE2, which rapidly induces podosome loss (12), can rescue podosome loss in DCs stimulated with Gram-positive bacteria (Fig. 2C). In addition, we observed that the Gram-negative species Klebsiella pneumoniae (ATCC 10031) was also capable of inducing podosome loss (data not shown) and because the LPS used here was derived from Escherichia coli, E. coli are expected to induce the same responses. Furthermore, Gram-positive strains, such as Mycobacterium 
BCG, and additional isolates of S. pneumoniae, either with or without capsules, gave similar results as the other Gram-positive strains tested (data not shown). These 
results indicate that our findings are likely to apply to a broad range of bacteria. We conclude that Gram-negative bacteria effectively induce many aspects of DC maturation, including podosome dissolution, but that Gram-positive bacteria fail to do so. Moreover, we show that podosome turnover accurately predicts DC maturation in response to exposure to bacterial pathogens. We next examined whether the observed differences between Gram-negative 
and Gram-positive bacteria might reflect the ability of the DCs to either bind and/or internalize these pathogens. Therefore, the binding of FITC-labeled bacteria to 
DCs was analyzed by flow cytometry. We did not observe differences in the extent of binding of Gram-negative and Gram-positive bacteria (Fig. 2D). In addition, DCs incubated with FITC-labeled bacteria were analyzed by making z-stacks with 
confocal microscopy to confirm phagocytosis. DCs internalized Gram-negative equally effective as Gram-positive bacteria (Fig. 2E). We conclude that the failure of Gram-positive bacteria to induce DC maturation is not due to a lack of binding or internalization. 
Purified and Synthetic TLR Ligands Closely Mimic Intact Bacteria Gram-negative bacteria are mainly recognized by TLR4, whereas Gram-positive bacteria activate TLR2. Therefore, we investigated whether activating these 
receptors with purified/synthetic ligands would mimic the effect of intact bacteria. As we previously showed (12), E. coli-derived LPS, a TLR4 ligand, was able to induce podosome loss. However, the TLR2/1 ligand Pam3Cys and the TLR2/6 ligand FSL-1 alone or in combination failed to dissolve podosomes (Fig. 3A, 3B). Also prolonged stimulation with TLR2 ligands did not induce podosome loss, suggesting that the difference is not due to delayed responses to Gram-positive bacteria. TLR2 ligands were able to evoke some effect on the DCs, because stimulation with Pam3Cys or FSL-
1 induced production of TNF and IL-6, although the levels were significantly lower 
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showing that extracellular signals other than TLR4 ligands can
still induce podosome dissolution in these cells. Together, these
results show that podosome dissolution induced by either LPS or
Gram-negative bacteria requires TLR4 signaling.
Podosome loss in DCs induced by Gram-negative bacteria
requires mainly Toll/IL-1 receptor domain-containing adaptor-
inducing IFNb -dependent signaling
To date, two major signaling routes downstream of TLR4 have been
described;onedownstreamoftheadaptorproteinMyD88,andtheother
dependent on the adaptor protein Toll/IL-1 receptor (TIR) domain-
containing adaptor-inducing IFNb (TRIF) (27). To investigate the
involvement of these two signaling routes, we used MyD882/2 and
Lps2 mice. The latter carry a natural mutation resulting in TRIF de-
ficiency (28). First, we established the capacity of BMDCs from these
mice to resolve podosomes similar to WT BMDCs when incubated
with PGE2. Both WT and mutated BMDCs underwent rapid podo-
some dissolution in response to PGE2 (data not shown) indicating that
DCs from these mutant mice responded normally. In contrast, re-
sponses to LPS or N. meningitidis as well as S. enteritidis were sig-
nificantly impaired in Lps2 BMDCs relative toWTBMDCs (Fig. 5A,
5B). For the MyD882/2 BMDCs, the results were less apparent. Al-
though podosome loss seemed impaired in response to LPS and S.
enteritidis, only with N. meningitidis was a significant reduction in
podosome dissolution observed (Fig. 5A, 5B).We therefore concluded
that podosome loss induced by Gram-negative bacteria was critically
dependent on TRIF, butmay also involveMyD88-mediated signaling.
Podosome loss induced by Gram-negative bacteria is the result
of TLR4-mediated production of PGs
Weshowed previously that PGE2 can induce rapid podosome loss and
that LPS-induced podosome loss is dependent on PG production by
theDCs (12). Therefore,we investigatedwhether theTLR4-mediated
podosome loss in response to Gram-negative bacteria was similarly
FIGURE 3. TLR4, but not TLR2 activation, induces podosomedissolution in iDCs.A andB, iDCswere left untreated or stimulatedwith LPS, Pam3Cys, FSL-1,
or a combination of Pam3Cys and FSL-1 for 16 h. A, Podosomes were stained with an antivinculin mAb (green) and phalloidin-Texas Red to detect F-actin (red).
Representative images are depicted. Scale bar indicates 20 mm (original magnification340). B, The average number of cells displaying podosomes of four ex-
periments (6 SEM) is shown. Significant differences (p, 0.05) from control are indicatedwith an asterisk (p).C, Supernatants were harvested fromunstimulated,
LPS, Pam3Cys, or FSL-1–stimulatedDCs and the levels of humanTNFand IL-6weremeasured. An average of eight experiments (6SEM) is depicted. Significant
differences (p, 0.05) from control are indicated with an asterisk (p).D, iDCs were left untreated or stimulated with different concentrations of LPS for 16 h. The
averagenumberof cells displayingpodosomesof three experiments (6SEM) is shown. Significant differences (p,0.05) fromcontrol are indicatedwith anasterisk
(p). E, iDCs were left untreated or stimulated with LPS or a suboptimal concentration of LPS (6 ng/ml) with or without Pam3Cys or FSL-1 for 16 h. The average
number of cells displaying podosomes of three experiments (6 SEM) is shown. Significant differences (p, 0.05) from control are indicated with an asterisk (p).
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than those observed in response to LPS (Fig. 3C). A potential synergy between the TLR4 and TLR2 ligands was investigated by combining a suboptimal concentration of LPS (6 ng/ml), derived from LPS serial dilutions (Fig. 3D), with TLR2 ligands. However, no synergy between LPS and TLR2 ligands could be observed (Fig. 3E). We 
conclude that also purified TLR4 and TLR2 ligands differ in their capacity to induce podosome dissolution. 
howing that extracellular signals other than TLR4 ligands can
still induce podosome dissolution in these cells. Together, these
results show that podosome dis olution induced by either LPS or
Gram-negative bacteria requires TLR4 signaling.
Podosome loss in DCs induced by Gram-negative bacteria
req ires mainly Toll/IL-1 receptor domain-containing adaptor-
inducing IFNb -dependent signaling
To date, two major ign ling routes downstr am of TLR4 hav been
scrib d;onedownstreamofth adaptorproteinMyD88,andtheother
depende t on the adaptor protein Toll/IL-1 receptor (TIR) domain-
containing adaptor-inducing IFNb (TRIF) (27). To investigate the
involvem nt of thes two signaling routes, we used MyD882/2 and
Lps2 mice. The latter carry a natural mut t on resulting in TRIF de-
ficiency (28). First, we established the capacity of BMDCs from these
m ce to resolve podosomes similar to WT BMDCs when incubated
with PGE2. Both WT and mutated BMDCs underwent rapid podo-
some dissolution in response to PGE2 ( ata t shown) indicating that
DCs from these mutant mice re ponded normally. In contrast, re
sponses to LPS or N. meningitidis as well as S. enteritidis were sig-
nificantly impaired in Lps2 BMDCs relative toWTBMDCs (Fig 5A,
5B). For the MyD882/2 BMDCs, the results were less apparent. Al-
though pod some loss seemed impaired in response to LPS and S.
enteritidis, only w th N. meningitidis was a significant reduction in
podos me dissolutio obs rved (Fig. 5A, 5B).We th efore concluded
that podosome loss induced by Gram-n gative bact ria was critically
dependent on TRIF, butmay also involveMyD88-mediated signaling.
Podosome loss in uced by Gram-negative bacteria is the result
of TLR4-mediated production of PGs
Weshowed previously that PGE2 can induce rapid podosome loss and
at LPS-induced podosome los s d pend nt on PG production by
theDCs (12). Therefore,we investigatedwhether th TLR4-medi ted
podosome loss in response to Gram-negative bacteria was similarly
FIGURE 3. TLR4, but not TLR2 activation, induces podosomedissolution in iDCs.A andB, iDCswere left untreated or stimulatedwith LPS, Pam3Cys, FSL-1,
or a combination of Pam3Cys and FSL-1 for 16 h. A, Podosomes were stained with an antivinculin mAb (gre n) and phalloidin-Texas Red t detect F-actin (red).
Representative images are depicted. Scale bar i dicates 2 mm (original magnification340). B, The average number of cells displaying podoso es of four x-
periments (6 SEM) is shown. Significant differenc s (p, 0.05) from control are indicat dwith an asterisk (p).C, Supernatants were harveste fromunstimulated,
LPS, Pam3Cys, or FSL-1–stimulatedDCs and the levels of humanTNFand IL-6w remeasured. An average of eight exp riments (6SEM) i depicted. Significant
differences (p, 0.05) from control are indicated with an asterisk (p).D, iDCs were left untreated or stimulated with different centrations of LPS for 16 h. The
averagenumberof cells displayingpodosomesof three experiments (6SEM) is show . Significant differences (p,0.05) fro contr l are indicatedwith an sterisk
(p). E, iDCs were left untreated or stimulated with LPS or a suboptimal conce tration of LPS (6 ng/ml) with or with ut Pam3Cys or FSL-1 for 16 h. The average
number of cells displaying podosomes of three experiments (6 SEM) is shown. Significant differences (p, 0.05) from control are indicated with an asterisk (p).
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Figure 3. TLR4, but not TLR2 activation, induces podosome dissolution in iDCs.
A and B) iDCs w r  left untreated or sti ulated with LPS, Pam3Cys, FSL-1, or a combinati n f Pam3Cys and FSL-1 for 16 h. A) Podosomes were stained with an antivinculin mAb (green) and phalloidin-Texas Red to detect F-a tin ( d). Repr entative images are d picted. Scal  bar indicates 20 µm (original 
magnification x40). B) The average number of cells displaying podosomes of four experiments (± SEM) is 
shown. Significant differences (p < 0.05) fro  control are indicated with an asterisk (*). C) Supernatants were harvested from unstimulated, LPS, Pam3Cys, or FSL-1–stimulated DCs and the levels of human TNF 
and IL-6 were easured. A  average of eig t experiments (± SEM) is depicted. Significant differe ces (p < 0.05) from control are indicated with an asterisk (*). D) iDCs were left untreated or stimulated with different concentration  of LPS for 16 h. The average numb r of cells displaying podosomes of three 
experi e ts (± SEM) is show . Signific nt differences (p < 0.05) from control are indicated with an asterisk (*). E) iDCs were left untreated or stimulated with LPS r a su optimal concentratio  of LPS (6 ng/ml) with or without Pam3Cys or FSL-1 for 16 h. The average number of cells displaying podosomes 
of three experiments (± SEM) is shown. Significant diff r ces (p < 0.05) from control are in icated with an asterisk (*).
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Loss of Podosomes and Induction of Migration is Critically Dependent on 
TLR4 Signaling on Binding to LPS To test the role of LPS on intact bacteria we examined two strains of intracellular Gram-negative bacteria, B. quintana and C. pneumoniae, which each carry a structurally distinct form of LPS that is not capable of TLR4 signaling (6, 25, 26). Stimulation of iDCs with B. quintana or C. pneumoniae had no effect on the amount 
dependent on the production of PGs. Addition of indomethacin,
a potent inhibitor of PG production (29), significantly blocked po-
dosome loss induced by Gram-negative bacteria (Fig. 6A). These
findings suggest that this response is, at least in part, dependent on the
production ofPGs by theDCs. In addition,we testedwhethermedium
conditioned by DCs stimulated with different TLR ligands or bacte-
ria, was capable of inducing podosome loss in DCs that had not re-
ceived prior stimulation. Indeed, medium conditioned by LPS or
Gram-negative bacteria, but not Gram-positive bacteria or TLR2 li-
gands, was capable of inducing podosome turnover (Fig. 6B, 6C).
Again, these responses were partly abrogated when this medium had
been conditioned in the presence of indomethacin (Fig. 6C). Because
DCs stimulated with LPS or Gram-negative bacteria produce more
TNF-a, IL-6, and IL-8, TNF-a is also able to induce podosome dis-
solution (12), we investigated if the LPS-induced podosome loss
could be mediated by signaling of TNF-a or IL-1. Blocking TNF-a
or IL-1 signaling by using TNF-binding protein or an IL-1 receptor
antagonist, respectively, hadno effect onLPS-induced podosome loss
(Supplemental Fig. 2). In addition, no effect on LPS-induced podo-
some loss was observed on treatment with IL-1 converting enzyme-
inhibitor (Supplemental Fig. 2), which blocks IL-1b and IL-18 and
decreases IL-1a, TNF-a, IL-6, and IFN-g (30, 31). Together, these
findings suggest that podosomedissolution inducedbyGram-negative
bacteria or LPS is not mediated by the production of these cytokines.
Finally, we compared the amount of PGE2 present in the supernatants
ofDCs stimulatedwithGram-negative ofGram-positive bacteria.The
levels of PGE2 were consistently higher in supernatants of DCs
stimulated with Gram-negative bacteria, in comparison with un-
stimulated DCs or DCs exposed to Gram-positive bacteria (Fig. 6D).
These findings further support the idea that PGs, particularly PGE2,
FIGURE 4. LPS- and Gram-negative bacteria-induced podosome dissolution is mediated by TLR4. A, iDCs were left untreated or stimulated with LPS,
B. quintana (Bartonella) or C. pneumoniae (Chlamydia) at MOI 20 for 16 h. The average number of cells displaying podosomes of three experiments (6
SEM) is shown. Significant differences (p , 0.05) from control are indicated with an asterisk (p). B, iDCs were left untreated or stimulated with LPS with
or without the TLR4 antagonist (TLR4a) B. quintana LPS or the TLR4 antagonist alone for 16 h. The average number of cells displaying podosomes of four
experiments (6 SEM) is shown. Significant differences (p , 0.05) are indicated with an asterisk (p). C and D, Immature BMDCs from WT, TLR22/2, and
TLR42/2 mice were left untreated or stimulated with LPS, Pam3Cys, FSL-1, N. meningitidis, S. enteritidis, S. aureus, or S. pneumoniae for 16 h. C,
Podosomes were stained with an antivinculin mAb (green) and phalloidin-Texas Red to detect F-actin (red). Representative images are depicted. Scale bar
indicates 20 mm (original magnification 363). D, The average number of cells displaying podosomes of four experiments (6 SEM) is shown. Significant
differences (p , 0.05) from WT are indicated with an asterisk (p).
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Figure 4. LP - and Gram-negative bacteria-induced po osome dissolution is m diated by TLR4. 
A) iDCs were left u treated or stimulated with LPS, B. quint na (Bartonella) or S. pneumoniae (Chlamydia) 
at MOI 20 for 16 h. The average number of cells displaying podosomes of three experiments (± SEM) is 
shown. Significan  differences (p < 0.05) fro  control are indicated wi h an aste isk (*). B) iDCs were left untreated or stimulated with LPS with or without the TLR4 antagonist (TLR4a) B. quintana LPS or the TLR4 antagonist alone for 16 h. The average number of cells displaying podosomes of four experiments 
(± SEM) is shown. Significant differences (p < 0.05) are indicated with an asterisk (*). C and D) Immature BMDCs from WT, TLR2-/-, and TLR4-/- mice w re left untreated or stimulated with LPS, Pam3Cys, FSL-1, N. meningitidis, S. enteritidis, S. aureus, or S. pneumoniae for 16 h. C) Podosomes were stained with an antivinculin mAb (green) and phalloidin-Texas Red to detect F-actin ( ed). Representative images 
are depicted. Scale bar indicates 20 µm (original magnification x63). D) The average number of cells 
displaying podosomes of four experime ts (± SEM) is shown. Significant differences (p < 0.05) from WT are indicated with an asterisk (*).
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of podosomes (Fig. 4A), suggesting that podosome loss induced by Gram-negative bacteria requires TLR4 activation. Consistent with this notion, addition of the TLR4 antagonist B. quintana LPS (6) completely blocked the LPS- or Gram-negative 
bacteria-induced podosome loss (Fig. 4B), confirming that the response indeed is TLR4 mediated. We also tested the effects of differential TLR activation on podosome turnover using mouse BMDCs. Again, podosome dissolution was observed after exposure to LPS and Gram-negative bacteria, but not in response to Pam3Cys, FSL-1, or Gram-positive bacteria (Fig. 4C, 4D), showing that these differential responses are conserved between mice and humans. In addition to BMDCs derived from WT mice, TLR2 and TLR4 knockout BMDCs were also used. We observed that the LPS- and Gram-negative bacteria induced podosome dissolution was intact in TLR2-/- BMDCs, whereas abrogated in TLR4-/- BMDCs (Fig. 4C, 4D). WT, TLR2-/-, as well as TLR4-/-BMDCs similarly underwent rapid podosome dissolution in response to PGE2 (data not shown), showing that extracellular signals other than TLR4 ligands can still induce podosome dissolution in these cells. Together, these results show that podosome dissolution induced by either LPS or Gram-negative bacteria requires TLR4 signaling.
Podosome Loss in DCs Induced by Gram-Negative Bacteria Requires Mainly 
Toll/IL-1 Receptor Domain-Containing Adaptor Inducing IFN-β-Dependent 
Signaling
To date, two major signaling routes downstream of TLR4 have been described; one downstream of the adaptor protein MyD88, and the other dependent on the adaptor protein Toll/IL-1 receptor (TIR) domain containing adaptor-inducing 
IFN-β (TRIF) (27). To investigate the involvement of these two signaling routes, we used MyD88-/- and Lps2 mice. The latter carry a natural mutation resulting in 
TRIF deficiency (28). First, we established the capacity of BMDCs from these mice to resolve podosomes similar to WT BMDCs when incubated with PGE2. Both WT and mutated BMDCs underwent rapid podosome dissolution in response to PGE2 (data not shown) indicating that DCs from these mutant mice responded normally. In contrast, responses to LPS or N. meningitidis as well as S. enteritidis were significantly impaired in Lps2 BMDCs relative to WT BMDCs (Fig. 5A, 5B). For the MyD88-/- BMDCs, the results were less apparent. Although podosome loss seemed impaired in response to LPS and S. enteritidis, only with N. meningitidis was a significant reduction in podosome dissolution observed (Fig. 5A, 5B). We therefore concluded 
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that podosome loss induced by Gram-negative bacteria was critically dependent on TRIF, but may also involve MyD88-mediated signaling.
Podosome Loss Induced by Gram-
Negative Bacteria Is the Result of 
TLR4-Mediated Production of PGsWe showed previously  that PGE2 can induce rapid podosome loss and that LPS-induced podosome loss is dependent on PG production by the DCs (12). Therefore, we investigated whether the TLR4-mediated podosome loss in response to Gram-negative bacteria was similarly dependent on the production of PGs. Addition 
of indomethacin, a potent inhibitor of PG production (29), significantly blocked 
podosome loss induced by Gram-negative bacteria (Fig. 6A). These findings suggest that this response is, at least in part, dependent on the production of PGs by the DCs. In addition, we tested whether medium conditioned by DCs stimulated with different TLR ligands or bacteria, was capable of inducing podosome loss in DCs that had not received prior stimulation. Indeed, medium conditioned by LPS or Gram-negative bacteria, but not Gram-positive bacteria or TLR2 ligands, was capable of inducing podosome turnover (Fig. 6B, 6C). Again, these responses were partly abrogated when 
FIGURE 5. LPS- and Gram-negative bacteria-
induced podosome loss in mediated by TRIF and
MyD88. A and B, Immature BMDCs from WT, LPS2
(TRIF2/2), and MyD882/2 mice were left untreated or
stimulated with LPS, Pam3Cys, FSL-1, N. meningi-
tidis, S. enteritidis, S. aureus, or S. pneumoniae for
16 h. A, Podosomes were stained with an antivinculin
mAb (green) and phalloidin-Texas Red to detect F-
actin (red). Representative images are depicted. Scale
bar indicates 20 mm (original magnification 363). B,
The average number of cells displaying podosomes of
four experiments (6 SEM) is shown. Significant dif-
ferences (p , 0.05) from WT are indicated with an
asterisk (p).
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Figure 5. LPS- and Gram-negative bacteria 
induced podosome loss is mediated by TRIF 
and MyD88.
A and B) Immature BMDCs from WT, LPS2 (TRIF-/-), and MyD88-/- mice were left untreated or stimulated with LPS, Pam3Cys, FSL-1, N. 
meningitidis, S. enteritidis, S. aureus, or S. 
pneumoniae for 16 h. A) Podosomes were stained with an antivinculin mAb (green) and phalloidin-Texas Red to detect F-actin (red). Representative images are depicted. Scale bar 
indicates 20 µm (original magnification x63). 
B) The average number of cells displaying 
podosomes of four experiments (± SEM) is 
shown. Significant differences (p < 0.05) from WT are indicated with an asterisk (*).
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this medium had been conditioned in the presence of indomethacin (Fig. 6C). Because DCs stimulated with LPS or Gram-negative bacteria produce more 
TNF-α, IL-6, and IL-8, TNF-α is also able to induce podosome dissolution (12), we investigated if the LPS-induced podosome loss could be mediated by signaling of 
TNF-α or IL-1. Blocking TNF-α or IL-1 signaling by using TNF-binding protein or an IL-1 receptor antagonist, respectively, had no effect on LPS-induced podosome loss (Supplemental Fig. 2). In addition, no effect on LPS-induced podosome loss was observed on treatment with IL-1 converting enzyme inhibitor (Supplemental 
Fig. 2), which blocks IL-1β and IL-18 and decreases IL-1α, TNF-α, IL-6, and IFN-g 
(30, 31). Together, these findings suggest that podosome dissolution induced by 
producedbyDCs in response toTLR4 activation,mediatedpodosome
dissolution and led to a migratory phenotype, as is depicted in Fig. 7.
Discussion
In the current study, we demonstrated that intact Gram-negative
bacteria, but not Gram-negative bacteria containing aberrant forms
of LPS or Gram-positive bacteria, transform adhesive iDCs into
a highly migratory cell type through TLR4-mediated signals (Fig.
7). These findings demonstrate that Gram-positive and Gram-
negative bacteria profoundly differed in their ability to activate
DCs and stimulate DC migration. Based on these findings, we
propose that the defective DC migration and maturation by Gram-
positive microorganisms is one of their strategies for avoiding the
induction of an effective cellular immune response. In contrast,
potent TLR4-dependent activation of DCs impairs the capacity of
enterobacteriaceae to promote chronic infections.
Chronic infections caused by microorganisms that display ef-
fective immune evasion mechanisms still form a major worldwide
threat. Specific T cell-mediated immunity, induced by interaction
of APCs is one of the main antibacterial mechanisms preventing the
occurrence of a chronic infection. The development of an effective
adaptive immune response depends on a proper activation and
maturation of the APCs, most notably the DCs. This not only
involves upregulation of costimulatory molecules and secretion of
cytokines such as IL-12, but also transformation from tissue-resident
iDCs into highly migratory mDCs (8, 12, 32, 33), allowing efficient
migration to draining lymph nodes. In this study, we used both
human monocyte-derived DCs as well as mouse BMDCs, whereas
we have shown previously that human DCs isolated directly from
the blood also develop podosomes which dissolve in response to
maturation stimuli (12). Hence, the presence of podosomes and
their disappearance in response to maturation stimuli appears to be
a universal property of (myeloid) DCs, irrespective of their origin or
method of purification.
Instead of testing purified microorganism-derived components, we
compared intactGram-positive andGram-negative bacteria.Although
both types of bacteria are equallywell bound and internalized byDCs,
we found that onlyGram-negative bacteria effectively upregulated the
costimulatorymoleculesCD80andCD83.Inaddition,DCsareinduced
to secrete proinflammatory cytokines TNF-a, IL-6, and IL-8, needed
for attracting and stimulating T cells (34, 35), in response to Gram-
negative bacteria. However, we and others (36) found that cytokine
secretion in response to Gram-positive bacteria is severely impaired.
Consistent with these observations, DCs exposed to the Gram-
negative bacteria N. meningitidis and S. enteritidis were effective in-
ducers of T cell proliferation, whereas DCs exposed to Gram-positive
S. pneumoniae were not, suggesting that Gram-negative bacteria are
also more capable of stimulating DC-mediated T cell activation.
However, stimulation of DCs with Gram-positive S. aureus induced
profound T cell proliferation. These seemingly contradictory results
most likely reflect the action of S. aureus super-Ags. These super-Ags
are known to induce proliferation of T cells in the absence of co-
sti ulation, bypassing the need of DC maturation (24, 37).
On activation, DCs dramatically alter their adhesive properties,
which allows them tomigrate to and into the draining lymph nodes to
FIGURE 6. Gram-negative bacteria-induced podosome loss is mediated
by production of PGs by the DCs. A, iDCs were left untreated or stimulated
with LPS, N. meningitidis or S. enteritidis at MOI 20 for 16 h with or without
50 mM indomethacin (indo) or 50 mM indo alone. The average number of
cells displaying podosomes of three experiments (6 SEM) is shown. Sig-
nificant differences (p, 0.05) indicated with an asterisk (p).B, iDCswere left
untreated or stimulated with LPS, Pam3Cys, S. enteritidis, or S. aureus for
16 h. Supernatants of these stimulated DCs were harvested and added for 30
min to DCs from a different donor. The average number of cells displaying
podosomes of four experiments (6 SEM) is shown. Significant differences (p
, 0.05) from control are indicated with an asterisk (p). C, iDCs were left
untreated or stimulated with LPS, Pam3Cys, or S. enteritidis with or without
50 mM indo or 50 mM indo alone for 16 h. Supernatants of these stimulated
DCs were harvested and added for 30 min to DCs from a different donor. The
average number of cells displaying podosomes of two experiments (6 SEM)
is shown. Significant differences (p, 0.05) are indicated with an asterisk (p).
D, Supernatants were harvested from iDCs left untreated or stimulated with
LPS, N. meningitidis, S. enteritidis, S. aureus, or S. pneumoniae for 48 h and
the levels of PGE2 were measured with an ELISA. An average of two ex-
periments (6 SEM) is depicted. Significant differences (p , 0.05) from
control are indicated with an asterisk (p). Indo, indomethacin.
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Figure 6. Gram-negative bacteria-induced 
podosome loss is mediated by production of 
PGs by the DCs.
A) iDCs were left untreated or stimulated with LPS, N. meningitidis or S. enteritidis at MOI 20 for 16 h with or without 50 µM indomethacin (indo) or 50 µM indo alone. The average number of cells 
displayi g podosomes of hree experim nts (± 
SEM) is shown. Significant differences (p < 0.05) indicated with an asterisk (*). B) iDCs were left untreated or stimulated with LPS, Pam3Cys, S. 
enteritidis, or S. aureus for 16 h. Supernatants of these stimulat d DCs were harvested and dded for 30 min to DCs from a different donor. The average number of cells displaying podosomes 
of four experiments (± SEM) is shown. Significant differences (p < 0.05) from control are indicated with an a terisk (*). C) iDCs were left untreat d or stimulated with LPS, Pam3Cys, or S. enteritidis wit  or with ut 50 µM indo or 50 µM indo alone for 16 h. Supernatants of these stimulated DCs were harvested and added for 30 min. to DCs from a different donor. The aver ge nu ber of 
cells displaying podosomes of two experiments (± 
SEM) is sh wn. Significant differences (p < 0.05) are indicated with an asterisk (*). D) Supernatants were harvested from iDCs left untreated or stimulated with LPS, N. me ingitidis, S. enteritidis, 
S. aureus, or S. pneumoniae for 48 h and the levels of PGE2 were m asured with an ELISA. An 
average of two experiments (± SEM) is depicted. 
Significant differences (p < 0.05) from control are indicated with an asterisk (*).
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Gram-negative bacteria or LPS is not mediated by the production of these cytokines. Finally, we compared the amount of PGE2 present in the supernatants of DCs stimulated with Gram-negative or Gram-positive bacteria. The levels of PGE2 were consistently higher in supernatants of DCs stimulated with Gram-negative bacteria, in comparison with unstimulated DCs or DCs exposed to Gram-positive bacteria (Fig. 
6D). These findings further support the idea that PGs, particularly PGE2, produced by DCs in response to TLR4 activation, mediated podosome dissolution and led to a migratory phenotype, as is depicted in Fig. 7.
DiscussionIn the current study, we demonstrated that intact Gram-negative bacteria, but not Gram-negative bacteria containing aberrant forms of LPS or Gram-positive bacteria, transform adhesive iDCs into a highly migratory cell type through TLR4-
mediated signals (Fig. 7). These findings demonstrate that Gram-positive and Gram-negative bacteria profoundly differed in their ability to activate DCs and stimulate DC 
migration. Based on these findings, we propose that the defective DC migration and maturation by Gram-positive microorganisms is one of their strategies for avoiding the induction of an effective cellular immune response. In contrast, potent TLR4-dependent activation of DCs impairs the capacity of enterobacteriaceae to promote chronic infections. Chronic infections caused by microorganisms that display effective immune 
evasion mechanisms still form a major worldwide threat. Specific T cell-mediated immunity, induced by interaction of APCs is one of the main antibacterial mechanisms preventing the occurrence of a chronic infection. The development of an effective 
stimulate T cells. By comparison, iDCs are much less migratory and
express chemokine receptors (CXCR4,CCR5) thatmainly respond to
steady-statechemokines,dependingon their cellular localization (38).
During DC maturation, podosome dissolution represents a first step
toward a migratory phenotype. In addition, the activity of beta1 and
beta2 integrins, both ofwhich can be found enriched in podosomes, is
decreased during maturation (12, 39). Furthermore, these cells
gradually become responsive to the chemokines CCL19 and CCL21.
These two chemokines were shown to play an important role in di-
recting migration of DCs to the lymph nodes (12, 38). In this study,
we find that intact Gram-negative bacteria more effectively induce
podosome dissolution and cell migration than Gram-positive bacte-
ria. This increase in cell migration appears to be, at least in part,
dependent on the expression of CCR7, the chemokine receptor for
CCL19 and CCL21 (40), as migration toward CCL21 is higher in
response to stimulation with Gram-negative bacteria.
The regulation of podosome formation and loss during differen-
tiation and in response to inflammatory stimuli differs between cell
types. In less differentiated cells of the myeloid lineage, stimulation
can lead to increased adhesion andpodosome formation, for instance
IL-13 or CSF in macrophages, receptor activator of NFkB ligand in
osteoclasts andRaw264.7 cells, and phorbol 12-myristate 13-acetate
in THP-1 and HL-60 cells (41–44). On activation, most cells of the
innate immune system even further increase their adhesive capacity.
In contrast, DCs become less adhesive in response to inflammatory
stimuli. DCs (as well as phorbol 12-myristate 13-acetate–stimulated
Th precursor-1 and HL-60 cells) undergo podosome dissolution in
response to PGE2 or TNF-a (12, 42), whereas eosinophils or en-
dothelial cells generate podosomes in response to TNF-a (45, 46).
Because we used intact bacteria in this study, we explored whether
the activation of DC by Gram-negative bacteria exclusively depends
on LPS and TLR4 activation or if other cell wall components or PRRs
couldalsobe involved.ByusingTLR4antagonist andBMDCsderived
fromTLR42/2mice,wedemonstrate that the effects ofGram-negative
bacteria are completely dependent onTLR4 signaling.Consistentwith
these findings, it was shown earlier that a LPS-deficient strain of N.
meningitidis is incapable of bringing about efficientDC activation (47,
48). In addition, bothB. quintana andC. pneumonia, express a form of
LPS that prevents activation of TLR4 and cannot induce podosome
loss in DCs, further demonstrating the critical role of TLR4 in DC
activation (6, 25, 26). Although both TLR2 and TLR4 can activate
MyD88 (49–52), only TLR4 can also induce TRIF-dependent sig-
naling (27, 53). We observed that Gram-negative bacteria-mediated
TLR4 signaling mainly involves TRIF. This is in line with previous
studies suggesting that the effects of living or heat-killed E. coli on
DCs are TLR4/TRIF mediated (54). Podosome loss, induced by LPS
or Gram-negative bacteria, could be caused by cytokines that are se-
creted in response to these stimuli or other proinflammatorymediators
produced in response to TLR activation. As we failed to observe any
effect when interfering with the secretion or signaling of TNF-a or
IL-1, we conclude that at least these cytokines are not responsible for
the podosome loss induced by LPS or Gram-negative bacteria. Acti-
vation of TLR signaling leads to the production of IFN-a and IFN-b.
However, addition of IFN-a did not affect podosomes inDCs (data not
shown),whichmakes it alsounlikely that IFNs contribute topodosome
dissolution. Instead, TLR4-mediated dissolution of podosomes more
likely depends on PGE2. This PG, which is widely used to promote
migration of clinical DC isolates (55), is produced by DCs in response
toLPSbut not syntheticTLR2 ligands (datanot shown).Wepreviously
demonstrated that PGE2 binding to the PG receptors EP2 and EP4
results in an almost immediate dissolution of podosomes (12).
Moreover, the levels of PGE2 in supernatants of DCs stimulated with
Gram-negative bacteria or LPS are higher than those in supernatants
of unstimulated DCs or DCs exposed to Gram-positive bacteria.
The ability of these conditioned supernatants to induce podosome loss
and the effects of cyclooxygenase (COX) inhibition on podosome
dissolution, support a role for PGs, particularly PGE2, in podosome
dissolution.
The cellular production of PGs downstream of TLR4 may in-
volve JNK and p38MAPK signaling, which are activated in re-
sponse to TLR4 triggering (56) and known to induce COX
enzymes (57, 58). Our observation that TLR4-mediated podosome
loss is mainly TRIF dependent suggests that TRIF-dependent
signaling is mainly responsible for activation of COX enzymes
and the production of PGs. The observation that Gram-negative
bacteria induce strong DC maturation and migration, whereas
Gram-positive pathogens are much less effective could explain the
inability of classical Gram-negative human pathogens such as
enterobacteriaceae or N. meningitidis to cause chronic infections.
An exception may be severely immunocompromised patients, who
are at high risk of having infections of Gram-negative bacteria and
sepsis develop (59) and therefore routinely receive antibiotics
directed against these bacteria (selective gut decontamination)
(60). Gram-positive bacteria (e.g., staphylococci, streptococci,
FIGURE 7. Induction of podosome loss andmigration
inDCsbyGram-negative bacteria. Triggering ofTLR4by
Gram-negative bacteria throughLPS leads to activation of
MyD88 and TRIF-dependent signaling pathways in DCs.
This will activate COX enzymes and thereby lead to the
production of PGs, such as PGE2. The PGs are secreted by
theDCsand inducepodosome loss and, finally, increase in
the migratory capacity of the DCs.
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Figure 7. Induction of podosome 
loss and migration in DCs by 
Gram-negative bacteria.Triggering of TLR4 by Gram-negative bacteria through LPS leads to activation of MyD88 and TRIF-dependent signaling pathways in DCs. This will activate COX enzymes and thereby lead to the production of PGs, such as PGE2. The PGs are secreted by the DCs and induce 
podosome loss and, finally, increase in the migratory capacity of the DCs.
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adaptive immune response depends on a proper activation and maturation of the APCs, most notably the DCs. This not only involves upregulation of costimulatory molecules and secretion of cytokines such as IL-12, but also transformation from 
tissue-resident iDCs into highly migratory mDCs (8, 12, 32, 33), allowing efficient migration to draining lymph nodes. In this study, we used both human monocyte-derived DCs as well as mouse BMDCs, whereas we have shown previously that human DCs isolated directly from the blood also develop podosomes which dissolve in response to maturation stimuli (12). Hence, the presence of podosomes and their disappearance in response to maturation stimuli appears to be a universal property 
of (myeloid) DCs, irrespective of their origin or method of purification. 
Instead of testing purified microorganism-derived components, we compared intact Gram-positive and Gram-negative bacteria. Although both types of bacteria are equally well bound and internalized by DCs, we found that only Gram-negative bacteria effectively upregulated the costimulatory molecules CD80 and CD83. In 
addition, DCs are induced to secrete proinflammatory cytokines TNF-α, IL-6, and IL-8, needed for attracting and stimulating T cells (34, 35), in response to Gram-negative bacteria. However, we and others (36) found that cytokine secretion in response to Gram-positive bacteria is severely impaired. Consistent with these observations, DCs exposed to the Gram-negative bacteria N. meningitidis and S. 
enteritidis were effective inducers of T cell proliferation, whereas DCs exposed to Gram-positive S. pneumoniae were not, suggesting that Gram-negative bacteria are also more capable of stimulating DC-mediated T cell activation. However, stimulation of DCs with Gram-positive S. aureus induced profound T cell proliferation. These 
seemingly contradictory results most likely reflect the action of S. aureus super-Ags. These super-Ags are known to induce proliferation of T cells in the absence of costimulation, bypassing the need of DC maturation (24, 37). On activation, DCs dramatically alter their adhesive properties, which allows them to migrate to and into the draining lymph nodes to stimulate T cells. By comparison, iDCs are much less migratory and express chemokine receptors (CXCR4, CCR5) that mainly respond to steady-state chemokines, depending on their cellular localization 
(38). During DC maturation, podosome dissolution represents a first step toward a migratory phenotype. In addition, the activity of beta1 and beta2 integrins, both of which can be found enriched in podosomes, is decreased during maturation (12, 39). Furthermore, these cells gradually become responsive to the chemokines CCL19 and CCL21. These two chemokines were shown to play an important role in directing 
migration of DCs to the lymph nodes (12, 38). In this study, we find that intact Gram-
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negative bacteria more effectively induce podosome dissolution and cell migration than Gram-positive bacteria. This increase in cell migration appears to be, at least in part, dependent on the expression of CCR7, the chemokine receptor for CCL19 and CCL21 (40), as migration toward CCL21 is higher in response to stimulation with Gram-negative bacteria.The regulation of podosome formation and loss during differentiation and in 
response to inflammatory stimuli differs between cell types. In less differentiated cells of the myeloid lineage, stimulation can lead to increased adhesion and podosome formation, for instance IL-13 or CSF in macrophages, receptor activator of NFkB ligand in osteoclasts and Raw264.7 cells, and phorbol 12-myristate 13-acetate in THP-1 and HL-60 cells (41–44). On activation, most cells of the innate immune system even further increase their adhesive capacity. In contrast, DCs 
become less adhesive in response to inflammatory stimuli. DCs (as well as phorbol 12-myristate 13-acetate–stimulated Th precursor-1 and HL-60 cells) undergo podosome dissolution in response to PGE2 or TNF-α (12, 42), whereas eosinophils 
or endothelial cells generate podosomes in response to TNF-α (45, 46). Because we used intact bacteria in this study, we explored whether the activation of DC by Gram-negative bacteria exclusively depends on LPS and TLR4 activation or if other cell wall components or PRRs could also be involved. By using TLR4 antagonist and BMDCs derived from TLR4-/- mice, we demonstrate that the effects of Gram-negative bacteria 
are completely dependent on TLR4 signaling. Consistent with these findings, it was 
shown earlier that a LPS-deficient strain of N. meningitidis is incapable of bringing 
about efficient DC activation (47, 48). In addition, both B. quintana and C. pneumonia, express a form of LPS that prevents activation of TLR4 and cannot induce podosome loss in DCs, further demonstrating the critical role of TLR4 in DC activation (6, 25, 26). Although both TLR2 and TLR4 can activate MyD88 (49–52), only TLR4 can also induce TRIF-dependent signaling (27, 53). We observed that Gram-negative bacteria-mediated TLR4 signaling mainly involves TRIF. This is in line with previous studies suggesting that the effects of living or heat-killed E. coli on DCs are TLR4/TRIF mediated (54). Podosome loss, induced by LPS or Gram-negative bacteria, could be caused by cytokines that are secreted in response to these stimuli or other 
proinflammatory mediators produced in response to TLR activation. As we failed to 
observe any effect when interfering with the secretion or signaling of TNF-α or IL-1, we conclude that at least these cytokines are not responsible for the podosome loss induced by LPS or Gram-negative bacteria. Activation of TLR signaling leads to the 
production of IFN-α and IFN-β. However, addition of IFN-α did not affect podosomes in 
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DCs (data not shown), which makes it also unlikely that IFNs contribute to podosome dissolution. Instead, TLR4-mediated dissolution of podosomes more likely depends on PGE2. This PG, which is widely used to promote migration of clinical DC isolates (55), is produced by DCs in response to LPS but not synthetic TLR2 ligands (data not shown). We previously demonstrated that PGE2 binding to the PG receptors EP2 and EP4 results in an almost immediate dissolution of podosomes (12). Moreover, the levels of PGE2 in supernatants of DCs stimulated with Gram-negative bacteria or LPS are higher than those in supernatants of unstimulated DCs or DCs exposed to Gram-positive bacteria. The ability of these conditioned supernatants to induce podosome loss and the effects of cyclooxygenase (COX) inhibition on podosome dissolution, support a role for PGs, particularly PGE2, in podosome dissolution.
The cellular production of PGs downstream of TLR4 may involve JNK and p38MAPK signaling, which are activated in response to TLR4 triggering (56) and known to induce COX enzymes (57, 58). Our observation that TLR4-mediated podosome loss is mainly TRIF dependent suggests that TRIF-dependent signaling is mainly responsible for activation of COX enzymes and the production of PGs. The observation that Gram-negative bacteria induce strong DC maturation and migration, whereas Gram-positive pathogens are much less effective could explain the inability of classical Gram-negative human pathogens such as enterobacteriaceae or N. meningitidis to cause chronic infections. An exception may be severely immunocompromised patients, who are at high risk of having infections of Gram-negative bacteria and sepsis develop (59) and therefore routinely receive antibiotics directed against these bacteria (selective gut decontamination) (60). Gram-positive bacteria (e.g., staphylococci, streptococci, Mycobacterium spp.,) or Gram-negative bacteria containing an LPS variant that cannot stimulate TLR4, are well known to evade immune detection (Bartonella spp., Chlamydia) and a frequent cause of chronic bacterial infections.Chronic infections of the soft tissues and bones are often caused by staphylococci or streptococci, but rarely by Gram-negative pathogens (61, 62). The occurrence of a chronic infection involves complex interactions between pathogen and host. 
Based on our findings, induction of differential DC activation by distinct classes of microorganisms may be a critical factor in determining the etiology of chronic infections. We propose that the lack of TLR4 mediated PGE2 production impairs DC maturation and migration and therefore may hamper the development of a proper adaptive immune response.
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Chapter 3
Geometry Sensing by Dendritic Cells 
Dictates Spatial Organization and 
PGE2-Induced Dissolution 
of Podosomes
*
*
Assembly and disassembly of adhesion structures such as focal adhesions (FAs) and podosomes regulate cell adhesion and differentiation. On antigen-presenting dendritic cells (DCs), acquisition of a migratory and immunostimulatory phenotype depends on podosome dissolution by prostaglandin E2 (PGE2). Whereas the effects of physico-chemical and topographical cues have been extensively studied on FAs, little is known about how podosomes respond to these signals. Here, we show that, unlike for FAs, podosome formation is not controlled by substrate physico-chemical properties. We demonstrate that cell adhesion is the only prerequisite for podosome formation and that substrate availability dictates podosome density. Interestingly, we show that DCs sense 3-D geometry by aligning podosomes along the edges of 3-D micropatterned surfaces. Finally, whereas on a 2-D surface PGE2 causes a rapid increase in activated RhoA levels leading to fast podosome dissolution, 3-D geometric cues prevent PGE2-mediated RhoA activation resulting in impaired podosome dissolution even after prolonged stimulation. Our 
findings indicate that 2-D and 3-D geometric cues control the spatial organization of podosomes. More importantly, our studies demonstrate the importance of substrate dimensionality in regulating podosome dissolution and suggest that substrate dimensionality plays an important role in controlling DC activation, a key process in initiating immune responses.
60 | Chapter 3
Ch
ap
te
r
3
IntroductionLiving cells are continuously exposed to a large variety of exogenous signals. They have the ability to sense chemicals, in the form of soluble factors, extracellular matrix (ECM), and receptors on adjacent cells. Similarly, they can respond to physical cues, such as substrate rigidity and geometric constraints (1). Both chemical and physical signals can jointly be presented in two and three dimensions, adding another level 
of complexity to the array of environmental signals that influences a cell. Through its extensive sensory machinery, a cell integrates these signals to direct key processes such as adhesion, growth and differentiation (2-4). Depending on outside-in as well as inside-out signalling, integrin-based adhesion sites are thought to play a major role in both the perception of external stimuli and the execution of the cellular response (5-7).To mimic the cellular biochemical microenvironment, cells are frequently seeded on substrates coated with different ECM components or recombinant receptor proteins. Physical parameters usually involve altered substrate stiffness and ligand spatial organization in 2-dimensional (2-D) conditions (8, 9). Progress in micro- and nanotechnology now allows the addition of the third dimension to the microenvironment, thus enabling a much closer mimicry of the in vivo situation. Evidence is accumulating that substrate dimensionality plays an important role in controlling the assembly of the actin cytoskeleton and its adhesive structures (10, 11).Focal adhesions (FAs) and podosomes are adhesion structures which represent hotspots of integrins, stretch-activated ion channels, and cytosolic proteins like myosin and talin (12). Each of these proteins plays an essential role in translating both chemical and physical information into biochemical downstream signals that regulate cell adhesion and migration (13-16). FAs are relatively stable tangential 
structures connected to actin stress fibres and are present in a broad range of cell types (17). By contrast, podosomes are highly dynamic dot-shaped adhesion 
complexes of approximately a micron that have first been identified in Src-
transformed fibroblasts (18-20). They share many cytoskeletal components with FAs, such as paxillin, talin and vinculin, but they also contain characteristic molecules such as cortactin, dynamin2 and Tks4/5 (12, 21-23). Podosomes are observed in smooth muscle cells, activated endothelial cells and cells of myeloid origin, including osteoclasts, monocytes, macrophages and dendritic cells (DCs) (24, 25).DCs, as key regulators of both the innate and adaptive immune response, 
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migrate over long distances through tissues, thereby encountering a large range of distinct extracellular microenvironments. Tissue-resident immature DCs (iDCs) sample peripheral tissues for invading pathogens. Upon encountering an antigen, iDCs become activated to turn into mature DCs (mDCs) and migrate to a regional lymph node, where they present the antigen to T cells, thereby initiating an immune response (26, 27). Podosomes have been shown to play an important role in both the adhesive and migratory properties of DCs. iDCs form large numbers of podosomes and exhibit an adhesive phenotype, while the maturation of DCs is accompanied by the dissolution of podosomes, which is required to accommodate the high speed amoeboid migration observed in mature DCs (28, 29). We have shown before that prostaglandin E2 plays a critical role in the dissolution of podosomes and that the loss of podosomes during DC maturation is essential for full activation of immune responses (30).Thus far, most studies on environmental signals and cell adhesion have focused on FAs and showed that various exogenous signals affect the formation, maturation and the spatial distribution of FAs (31-34). Although podosomes are also likely to be affected by environmental signals, this has never been thoroughly addressed. Recently, Collin et al. (35, 36) showed that podosomes act as mechanosensors by responding to substrate rigidity and applied stress. In addition, it has been shown 
that different biomimetic calcite crystals are able to influence podosome behaviour in osteoclasts (37, 38). However, how environmental signals exactly control the formation and spatial organization of podosomes is still largely unknown. Moreover, a systematic investigation of podosome behaviour to different chemical and geometric environmental signals is lacking.Here, we investigated how differential chemical and geometric signals affect the spatial organization and dissolution of podosomes in human DCs. We show that an adhesive substrate is a prerequisite for podosome formation, whereas the chemical nature of the substrate is not critical. Furthermore, we demonstrate that DCs respond to 3-D geometric cues by rearranging podosome spatial organization. Finally, we present evidence that 3-D geometric cues inhibit podosome dissolution, underlining the relevance of substrate dimensionality for cell adhesion and behaviour.
Material and Methods
Chemicals, Antibodies and BacteriaThe following antibodies or appropriate isotype controls were used: rIgG1-FITC (BD Bio-
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science Pharmingen, San Diego, CA), anti-vinculin (Sigma, St. Louis, MO), anti-HLA-DR/DP (Q5/13), anti-CD80 (all BD biosciences, Mountain View, CA, USA), anti-CD83 (Beckman Coul-ter, Mijdrecht, the Netherlands), anti-CCR7 (R&D Systems, Minneapolis, MN, USA), Alexa Fluor 488-labeled secondary antibody (GaM) and Texas Red-conjugated phalloidin were from Mo-lecular Probes (Molecular Probes, Leiden, The Netherlands). The following chemicals were 
used: fibronectin (Roche, Mannheim, Germany), gelatin, laminin and PLL (Sigma), Teflon, PS, 
PEN, and impact modified PMMA (Goodfellow GmbH, Bad Nauheim, Germany). Hydrogels are p-slides from Nexterion (Schott, Mainz, Germany). PGE2 is used at 10 μg/ml (Sigma). N. men-
ingitides H44/76 was isolated from a patient with invasive meningococcal disease (kindly provided by Dr. P van der Ley, Laboratory of Vaccine Research, Netherlands Vaccine Institute, Bilthoven, The Netherlands). S. aureus was obtained from the American Type Culture Collec-tion (ATCC 43300). All bacteria were heat killed and used at multiplicity of infection (MOI) 20. For FITC-labeling, bacteria were washed in PBS and incubated in 0.5 mg/ml FITC for 60 min. 
FITC-labeled bacteria were thoroughly washed and stored in PBS at −20°C.
Preparation of Human DCsDCs were generated from PBMCs as described previously (39). Monocytes were derived from 
buffy coats. Plastic-adherent monocytes were cultured in RPMI 1640 medium (Gibco; Life Technologies, Breda, The Netherlands) supplemented with 10% (v/v) FCS (Greiner, Kremsm-uenster, Austria), IL-4 (500 U/ml) and GM-CSF (800 U/ml). Immature DCs were harvested on 
day 6 and the expression of MHC class I/II, costimulatory molecules and DC-specific markers 
were measured by flow cytometry (data not shown).
Substrate Preparation
Coverslips were coated with fibronectin (20 μg/ml) in PBS for 1 hour at 37°C, gelatin (0.01% 
w/v) in PBS for 30 minutes at 37°C, laminin (20 μg/ml) in PBS for 1 hour at 37°C, PLL (100 
μg/ml) in PBS for 30 minutes at 37°C or left untreated. The substrates with different heights 
of polytetrafluoroethylene (Teflon), polystyrene (PS), polyethylene naphthalate (PEN) and poly(methyl methacrylate) (PMMA) were made with hot embossing.
Hydrogel spotting: Drops (0.5 ml) of PBS with fibronectin (200 μg/ml) were spotted on hy-drogels. The spotted hydrogels were washed with PBS and 4x104 DCs in 100 μl RPMI 1640 medium with cytokines were seeded.Microcontact printing: A silicon wafer was made with photolithography. PDMS Sylgard 184 silicone elastomer was mixed with a crosslinking agent containing a Pt-catalysator (both from Dow Corning, Midland, MI) at a ratio of 10:1. Gas bubbles were removed in the exsiccator for approx. 30 minutes. The wafer was placed with the structured surface faced up and a few ml of the PDMS were poured onto it. The mixture was degassed again. Polymerization was achieved during incubation at 60-65°C for approximately 20 hrs. After polymerization, the stamp was 
peeled off the wafer. The stamps were incubated with fibronectin (100 μg/ml)/rIgG1-FITC (5 
μg/ml) for 1 hr at RT in the dark. The solution was removed and the stamp was washed with milliQ and dried with oil-free N2 using waferguard pistol (Millipore, Billerica, MA). The stamp 
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was placed on the hydrogel and removed again. The printed area of the hydrogel was washed 
with 200 μl PBS and 9x104 DCs in 150 μl RPMI 1640 with cytokines were seeded.
Atomic Force Microscopy
The substrate topography was quantitatively evaluated using atomic force microscopy (AFM; Dimension 3100, Veeco, Santa Barbara, CA). Tapping in ambient air was performed with two types of cantilevers. The topography of the 3-D micropatterned substrates was determined 
with a 118 μm long high aspect ratio silicon cantilever (NW-AR5T-NCHR, NanoWorld AG, Wet-zlar, Germany). The patterns of Fig. S3C in supplementary material were analysed with a 100 µm long gold-coated silicon cantilever (NSG-10, NT-MDT, Moscow, Russia). Both type of canti-levers have a nominal radius of curvature of the AFM probe tip of less than 10 nm. Height im-ages of each sample were captured in air at 50% humidity at tapping frequencies of 271 kHz 
and 261 kHz for the NSG-10 and NW-AR5T-NHCR cantilever, respectively. The analysed fields were scanned at scan rates between 0.2-0.8 Hz and with 512x256 or 512x512 scanning reso-lution. Nanoscope imaging software (version 6.13r1, Veeco) was used to analyse the images.
Fluorescent Microscopy
DCs were seeded on substrates and left to adhere for 16 hrs. The cells were fixed in 3.7% (w/v) formaldehyde in PBS for 10 minutes. Cells were permeabilized in 0.1% (v/v) Triton X-100 in PBS for 5 minutes and blocked with 2% (w/v) BSA in PBS. The cells were incubated with primary Ab for 1 hour. Cells were subsequently incubated with Alexa Fluor 488-labeled secondary antibodies for 45 minutes. Subsequently, cells were incubated with Texas Red-
conjugated phalloidin for 30 minutes. Images were collected on a Leica DMRA fluorescence microscope with a 63x PL APO 1.3 NA oil immersion lens (or a 40x PL FLUOTAR 1.0 NA oil immersion lens for overview images) and a COHU high performance integrating CCD camera (COHU, San Diego, CA). Confocal images were collected on a Zeiss LSM 510 microscope, us-ing a PlanApochromatic 63 x 1.4 oil immersion DIC lens (Carl Zeiss GmbH, Jena, Germany). 
Pictures were analysed with Leica Qfluoro version V1.2.0 (Leica) and ImageJ 1.40 (http://rsbweb.nih.gov/ij/) software.
RhoA Activity Assay
To measure RhoA GTP levels, cells were seeded on a flat surface or on a 3-D micropatterned surface and allowed to adhere for 16 hours. Subsequently, cells were stimulated for 1 minute with 10 µg/ml PGE2 or left untreated. RhoA activity was measured by a luminometry based G-LISA assay (Tebu-Bio, Heerhugowaard, The Netherlands), according to the manufacturer’s guidelines. The G-LISA assay reports levels of active RhoA normalized by protein input levels. Levels of luminescence were detected using a Victor 3 luminometer (PerkinElmer).
Statistical AnalysisANOVA test or Student’s t-test was used for statistical analysis. Significant differences are in-dicated with asterisks or hash signs (p<0.05).
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Results
Podosome Formation Does not Depend on Physico-Chemical Properties of the 
SubstrateFAs and podosomes are the two main surface-sensing complexes formed by DCs 
(Fig. 1A). To investigate how substrate physico-chemical properties influence the formation of FAs and podosomes, DCs were seeded on 2-D surfaces with decreasing 
hydrophobicity: polytetrafluoroethylene (commercially known as Teflon), polystyrene (PS), polyethylene naphtalate (PEN), and poly(methyl methacrylate) (PMMA).Although hydrophobic surfaces are generally considered non-permissive for cell adherence, DCs readily adhered and developed podosomes on all of the tested surfaces with a constant number of podosomes per cell (Fig. 1B, C). Interestingly, while the number of podosome-bearing cells was comparable in all conditions, the 
DCs responded to the hydrophilic surfaces PEN and PMMA by forming significantly less FAs (Fig. 1D). Furthermore, podosome formation was not affected by the 
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Figure 1. Podosome formation 
is not influenced by substrate 
physico-chemical properties
A) DCs seeded on glass form two types of adhesion 
structures. The cells were fixed and stained with phalloidin-Texas Red and an anti-vinculin mAb to visualize actin (red) and vinculin (green), respectively. Podosomes (Right insert) can be seen as small circular structures, whereas FAs (Left insert) are tangential. B) Cells 
were seeded on Teflon, PS, 
PEN and PMMA with Teflon being most hydrophobic and PMMA most hydrophilic. Cells 
were fixed and stained with phalloidin-Texas Red and an anti-vinculin mAb to visualize actin (red) and vinculin (green), respectively. Representative pictures are depicted. C) Quantification of the number of podosomes per DC on surfaces with different hydrophobicity. Podosomes were counted in 15 cells in two independent 
experiments. Bars represent mean ± SD D) The number of cells displaying podosomes or FAs was counted 
in 7 images per condition. Significant differences from Teflon are indicated with asterisks (p<0.05). Bars 
represent mean ± SEM.
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molecular nature of the substrate as we observed similar podosome formation 
on different integrin ligands (fibronectin, gelatin, and laminin) as well as on the 
unspecific poly-L-lysine (PLL) coating and uncoated glass (Fig. S1 in supplementary material). For all conditions, podosome formation was already observed within 1 hour after seeding (data not shown). More importantly, the presence or absence 
of serum in the medium did not influence the observed adhesive behaviour of DCs (data not shown).Together, these results indicate that the formation of podosomes in DCs does not depend on the physico-chemical properties of the surface nor on the chemical composition of the coating and suggest that podosomes are less discriminative in sensing physico-chemical cues from their microenvironment than FAs.
2-D Geometric Constraints of Adhesion Permissive Substrate Directs 
Podosome Spatial OrganizationTo show that cell adhesion is the only prerequisite for the formation of podosomes, we investigated podosome formation on a surface that is non-permissive for cell 
adhesion. To this end, we used a thin-film hydrogel-coated surface. In our case, the hydrogel consisted of a poly(ethylene glycol) (PEG) coating which is generally used for protein microarrays (40). Hydrogels are considered non-permissive for 
cell adhesion because of their very low unspecific binding properties (41). Indeed, DCs did not adhere on these hydrogels (Fig. 2A). However, when these hydrogels 
were coated with fibronectin, DCs readily adhered and formed podosomes (Fig. 
2A). Intriguingly, podosome formation did not depend on fibronectin-mediated activation of integrins, since DCs adhered equally well to, and formed podosomes on PLL coated hydrogels (data not shown).Next, we investigated how 2-D surface geometry dictates the formation and 
spatial organization of podosomes by spotting a 2-D micropattern of fibronectin on the hydrogels. When seeded, DCs covered long distances of non-coated hydrogel. However, cells were able to discriminate between adhesive and non-adhesive areas by selectively forming podosomes on the adhesive spots (Fig. 2B, Fig. S2 in supplementary material). We determined if the size of the adhesive spots affected 
podosome spatial rearrangement, and quantified the number of podosome clusters 
with respect to the size of fibronectin spots (diameter ranging from 5-20 µm). As expected, the number of podosome clusters per cell inversely correlated with spot size (Fig. 2C), mainly due to the fact that DCs spanned less spots when seeded on large 20 µm spots in comparison with small 5 µm spots (Fig. S2D in supplementary 
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material). In addition, the number of podosomes formed on the spots correlated directly with the spot size (Fig. 2D). Intriguingly, although the spatial organization of podosomes is dictated by the spots, the number of podosomes per cell remained remarkably stable (Fig. 2E). This resulted in a higher podosome density on the 5 µm spots compared to the 20 µm spots (Fig. 2D). The local podosome density found 
on the 5 μm spots is ≈0.8 podosomes/μm2. With a podosome of approximately 
0.78 μm2 (radius≈0.5 μm), the packaging of podosomes on the minimal amount of available substrate is almost maximal. In contrast, the density on the large 20 
μm spots is comparable to the density on normal flat substrates (≈0.2 podosomes/
0
50
100
150
200
250
0 50 100 150 200 250 300N
um
be
r o
f p
od
os
om
e 
pe
r c
el
l
Spot area (µm2)
0
0.2
0.4
0.6
0.8
1
0
20
40
60
80
0 50 100 150 200 250 300
N
um
ber of podosom
es/µm
2
N
um
be
r o
f p
od
os
om
es
 p
er
 s
po
t
Spot area (µm2)
0
2
4
6
8
10
12
0 50 100 150 200 250 300
N
um
be
r o
f p
od
os
om
e 
cl
us
te
rs
 p
er
 c
el
l
Spot area (µm2)
B
C
D
A
Fibronectin Actin Merged
5 
µm
 s
po
ts
20
 µ
m
 s
po
ts
Fibronectin Actin
Merged
ED
Hydrogel
Fibronectin
(  
 )
(  
 )
Figure 2.
D
Figure 2. Podosomes formation is exclusively dependent on cell adhesion
A) Hydrogels were coated with fibronectin mixed with rIgG-FITC (green) for visualization. DCs were seeded on the hydrogel and stained with phalloidin-Texas Red to visualize actin (red). Cells were found 
to adhere specifically to the fibronectin-coated areas (a representative image is depicted). Coating with 
rIgG-FITC alone was not sufficient for DC adherence (not shown) B) Cells were seeded on fibronectin/
rIgG1-FITC (green) printed hydrogel and fixed and stained with phalloidin-Texas Red to visualize actin (red). Representative images of cells seeded on 5 µm and 20 µm dots are depicted in the upper and lower panel, respectively. The distance between the spots is 7.5 µm and 10 µm for the 5 µm and 20 µm spots, respectively. C) The number of podosome clusters per cell was quantified for the different sized dots and spacing. D) Quantification of the number of podosomes per spot and the podosome density on the different sized spots. E) Quantification of the number of podosomes per cell on the different sized spots. 
Spots with a diameter of 5, 8, 11, 16 and 20 micron were used for analysis. All quantifications include at 
least 15 cells per single spot size and graphs represent mean ± SD.
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μm2). Altogether, these findings indicate that cell adhesion, irrespective of the exact chemical nature of the adhesive surface, dictates podosome formation and that 2-D geometric constraints of the adhesive substrate direct local podosome density in DCs.
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Figure 3. Podosomes align along the edges of 3-D micropatterned substrates
A) Schematic representation of the 3-D micropatterned substrates. 3-D micropatterns with a width of 2, 5, 10 and 20 µm and 1 µm height were fabricated. All 3-D micropatterns were fabricated such that the top and lower part had the same width. B) DCs were seeded on 3-D micropatterned substrates with a height 
of 1 µm and a width of 2, 5, 10 and 20 µm. Cells were fixed and stained with phalloidin-Texas Red and an anti-vinculin mAb to visualize actin (red) and vinculin (green), respectively. The dotted lines in the insets indicate the position of the edges of the micropatterned substrate. Representative images are depicted. 
C) The nearest neighbour angles (NNA) of podosomes (Fig. S3A in supplementary material) reveal the alignment of podosomes on the edges of 3-D patterns. The 2 µm 3-D micropattern induces a polarization of the NNA towards 90°. D) DCs were seeded on a flat surface and on 3-D micropatterned substrates of 
5 µm width and 100 nm, 500 nm and 1 µm height. Cells were fixed and stained with phalloidin-Texas Red and an anti-vinculin mAb to visualize actin (red) and vinculin (green), respectively. Representative images are depicted.
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3-D Geometric Cues Control Podosome Spatial OrganizationIt is well established that the actin cytoskeleton responds differently to 2-D versus 3-D environmental signals. So far, our data clearly showed that 2-D environmental 
cues do not influence the formation of podosomes although podosome spatial organization is affected. In order to investigate whether podosome formation is 
influenced by 3-D geometric cues, DCs were seeded on various 3-D micropatterned 
substrates, with a height of 1 μm and a width ranging from 2 to 20 μm (Fig. 3A), as 
confirmed by atomic force microscopy (data not shown). When seeded on these 3-D micropatterned substrates, DCs oriented parallel to the direction of the patterns. Surprisingly, podosomes were predominantly formed on the edge of the patterns 
(Fig. 3B). The magnified insets clearly show that even in the aligned configuration, 
individual podosomes could still be identified. To quantify the degree of podosome alignment, we determined the angles of the nearest neighbour distance (NND) with 
respect to the y-axis (Fig. S3A). On a flat surface, these nearest neighbour angles (NNA) were randomly distributed, whereas the micropatterned substrates clearly induced a polarization of the NNA towards 90° (Fig. 3C). Alignment of podosomes proved to be independent of surface hydrophobicity, as podosome alignment was also observed on PS, PEN, and PMMA 3-D micropatterned substrates (Fig. S3B in supplementary material). Moreover, podosomes aligned always along the edges irrespective of the shape of the pattern (Fig. S3C). To address whether nanoscale changes in the substrate geometry also controlled podosome spatial organization, 
micro- and nanopatterned substrates with heights ranging from 100 nm to 1 μm were fabricated. Strikingly, DCs were still able to sense height differences as small as 100 nm by placing podosomes along the 90° edges (Fig. 3D). These results indicate that the spatial organization of podosomes is directed by substrate geometry, irrespective of the substrate physico-chemical properties. 3-D micropatterned substrates with a height as small as 100 nm affect the spatial organization of podosomes suggesting that the underlying mechanism is extremely sensitive for 3-D geometric cues.
Substrate Dimensionality Affects the Spatial Arrangement of PodosomesWe observed that, on 2-D surfaces, DCs formed a remarkably constant number of podosomes, irrespective of substrate physico-chemical properties. Interestingly, we 
also found no differences in podosome number between flat and patterned surfaces 
(Fig. 4A). While, on 2 μm wide micropatterns, all podosomes exclusively aligned 
on the edges of the patterns and no podosomes were detected on the flat areas, 
podosomes were detected on the flat areas when the distance between the edges became wider than 2 µm.
Geometry Sensing and Podosome Organization on DCs | 69
As the cell membrane folds around the edge of the micropatterned substrate, both an inward and an outward curvature are created (Fig. 4B). Plasma membrane 
bending is known to attract specific lipids and curvature sensing proteins thereby creating local signalling platforms (42). To investigate whether podosome alignment was mainly on the upper edge or the lower edge of the patterns, image stacks of 300 nm were taken of DCs on micropatterns with a height of 1 µm. Intriguingly, podosomes aligned on both the upper and the lower edge of the pattern (Fig. 4B). These results suggest that both a 90° inward and a 90° outward plasma membrane curvature create a microenvironment favouring the nucleation of podosomes. This predominant formation of podosomes on the edge does not exclude the formation 
of podosomes on the flat parts of patterned substrates larger than 2 µm, suggesting a spatial signalling threshold for the nucleation of podosomes.To further study the effect of 3-D geometric cues on the rearrangement of podosomes we calculated the NND between podosomes on both the edges of the 3-D micropatterned substrates and 2-D surfaces. We found that inter-podosomal distance was not affected by the 3-D geometric cues as the average inter-podosomal 
distance on flat surfaces and the edges of 3-D micropatterns was 1.93 ± 0.54 μm 
(n=4342) and 1.91 ± 0.79 μm (n=6177), respectively (p=0.16) (Fig. 4C). Instead, we noticed that the actin intensity, visualized by Texas Red-conjugated phalloidin, 
of each podosome core was significantly (p<0.01) higher on the 3-D micropatterns compared to 2-D surfaces (Fig. 4D). This clearly indicates that the podosomes found 
on the edges have a higher actin content compared to podosomes on flat areas. 
3-D Geometric Cues Dictate PGE2-Mediated Podosome Dissolution and DC 
FunctionalityBy regulating intracellular signalling pathways, matrix elasticity and tissue topography are known to affect cell fate decisions, such as cell cycle progression, differentiation and apoptosis. Maturation of DCs is marked by profound cytoskeletal alterations resulting in a switch from an adhesive to a highly migratory phenotype. 
For iDCs seeded on flat surfaces, we have shown before that binding of PGE2 to the prostaglandin receptors EP2 and EP4 results in rapid podosome dissolution in 
iDCs, one of the first steps towards a fully mature DC phenotype (43). To investigate 
whether DC signalling is influenced by substrate geometry we stimulated iDCs, either on 2-D or 3-D micropatterned substrates, with PGE2. Consistent with our prior results, after 2 hr stimulation with PGE2, podosomes on DCs seeded on 2-D surfaces almost completely dissolved (Fig. 5A). Strikingly, podosome dissolution 
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became significantly impaired on the 3-D micropatterned substrates (Fig. 5A). Even prolonged stimulation with PGE2 did not result in podosome dissolution on these 3-D micropatterned substrates (Fig. 5B). To investigate whether DC functionality is 
influenced by substrate geometry, we first determined whether phagocytic capacity, 
associated with the presence of podosomes (44), is influenced by 3-D micropatterned 
substrates. For this purpose, iDCs, either seeded on 3-D micropatterns or flat 2-D surfaces, were incubated with Gram-positive and Gram-negative bacteria, which we 
A
B
C
D
Figure 4. 3-D geometric cues influence podosome spatial organization and actin content
A) Quantification of the number of podosomes per DC on 2-D and 3-D micropatterned substrates with a width of 2, 5, 10 and 20 µm together with the number of podosomes on the edges. Graphs represent 
mean ± SD of at least 20 cells per condition. B) Inward and outward curvatures are created at the plasma membrane at the upper and lower edge of the 3-D micropattern. DCs were seeded on micropatterns with a height of 1 µm. Z-stacks were taken every 300 nm. Podosomes align on both the upper and the lower corner of the pattern. Shown are the lower and upper plane of the z-stack. The white dashed line represents the slice of the orthogonal view shown in Bb. C) Nearest neighbour distance was determined 
for podosomes on 3-D micropatterns and 2-D surfaces. The average inter-podosomal distance on flat 
surfaces and patterns was 1.93 ± 0.54 μm (n=4342) and 1.91 ± 0.79 μm (n=6177), respectively (p=0.16). 
D) Cells were fixed and stained with phalloidin-Texas Red to visualize actin. The maximum Texas 
Red intensity on 3-D micropatterns and 2-D surfaces was 128 ± 62 (n=1387) and 83 ± 40 (n=2791), 
respectively (p<0.01). Insets in C and D show podosomes on a flat 2-D surface and a 3-D micropattern. Podosomes are visualized by staining actin (red) and vinculin (green) with phalloidin-Texas Red and a vinculin mAb, respectively.
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have shown before to be internalized equally effective by iDCs (30). Interestingly, we found that the internalization of both Gram-positive as well as Gram-negative bacteria was enhanced by iDCs seeded on 3-D micropatterned substrates (Figure S4A in supplementary material). The percentage of positive cells and the amount of internalized bacteria were found to be higher compared to 2-D substrates. Next, we investigated the differentiation status of iDCs seeded on 3-D micropatterned substrates for 24 hr. As expected, when seeded on 2-D surfaces, iDCs express low levels of the costimulatory molecules CD80 and CD83 and the chemokine receptor 
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Figure 5. 3-D geometric cues inhibit PGE2-mediated podosome dissolution
A) iDCs were seeded on a 2-D surface and 3-D micropatterns and left untreated or stimulated with 10µg/ml PGE2. The cells were fixed and stained for phalloidin-Texas Red and an anti-vinculin mAb to visualize actin (red) and vinculin (green), respectively. Representative images are depicted. B) The number of cells 
that contained podosomes was determined for 7 images per condition. Bars represent mean ± SEM. *= p<0.05 compared to 2hr PGE2 stimulation on 2-D surface, #=p<0.05 compared to o/n PGE2 stimulation on 2-D surface. C) PGE2-mediated activation of the small GTPase RhoA was measured on 2-D surfaces and 3-D micropatterned substrates by a luminometric G-LISA assay. Data were normalized to the active RhoA levels in the absence of PGE2. The dotted line represents the average of 5 independent donors performed in duplicate (*p<0.05). D) Schematic model of podosome distribution/dissolution on 2-D surfaces and 3-D micropatterned substrates. Whereas DCs form podosomes at random on 2-D surfaces, 
they specifically align their podosomes on the edges of 3-D micropatterned substrates. On 2-D surfaces, PGE2 causes a rapid increase in RhoA activity leading to global podosome dissolution. In contrast, signals derived from signalling platforms induced by the 3-D micropatterns are able to prevent increased RhoA activity and thereby podosome dissolution.
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CCR7 and they express high levels of MHC class II (Fig. S4B in supplementary material). Interestingly, while the surface expression levels of CD80, CD83 and CCR7 were unaffected on 3-D micropatterns, MHC class II molecules were expressed at even higher levels (Fig. S4B in supplementary material). Altogether, these results indicate that substrate dimensionality plays a key role in regulating the adhesive as well as the immunomodulatory properties of iDCs. We previously demonstrated that PGE2-induced podosome dissolution in DCs is a result of cAMP-mediated increased activation of the small GTPase RhoA (43). To further clarify the mechanism of reduced PGE2-induced podosome dissolution on 3-D micropatterns, we studied the effect of geometric cues on RhoA activation. We measured activated RhoA levels on 2-D surfaces and 3-D micropatterned substrates (Fig. 5C). In the absence of PGE2, no differences were observed in active RhoA levels between the 2-D surfaces and the 3-D micropatterned substrates. As expected, we detected increased RhoA activity on the 2-D surfaces after the addition of PGE2. Remarkably, the 3-D micropatterns prevented the PGE2-induced RhoA activation, clearly indicating that 3-D geometric cues are able to alter the activation of Rho GTPases, thus preventing podosome dissolution.
DiscussionIn this study we investigated how geometry sensing by human monocyte-derived DCs affects the spatial organization and PGE2-induced dissolution of podosomes. We demonstrated that, unlike for FAs, substrate chemical properties do not affect podosome formation. By microcontact printing, we found that it is mainly the spatial organization of the adhesion permissive substrate that directs podosome distribution in DCs. Remarkably, the podosome number per cell was constant, even for adhesive spots of different size, meaning that the cells adjusted their podosome density depending on the substrate area. In addition, we showed that DCs respond to 3-D geometric cues by aligning their podosomes on the edges of 3-D micropatterned substrates. Finally, these 3-D geometric cues were able to overrule the PGE2-induced 
signals, which on flat surfaces normally lead to podosome dissolution, suggesting that sensing of extracellular geometric cues can directly affect DC adhesion and thereby migration.It is well known that both physico-chemical properties, e.g. hydrophobicity, 
and the chemical nature of the microenvironment can influence cellular adhesion. Whereas hydrophobic surfaces are generally less permissive for cell adhesion in 
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comparison to hydrophilic surfaces (45-51), we show here that DCs adhere to and form podosomes on surfaces with a wide range of hydrophobicity. In contrast, the 
formation of FAs is significantly inhibited by hydrophilic surfaces. Furthermore, we 
observed that podosome formation is not influenced by the type of ECM coating. Altogether, these data imply that human DCs are able to form podosomes on any adhesion permissive 2-D surface, irrespective of their physico-chemical nature. Interestingly, it has been shown recently that carbon nanotubes, which closely 
mimic the fibres of the ECM, are able to enhance the physico-chemical stimulation of neurons through a very tight interaction with these cells (52). It would be of great interest to investigate whether chemical signals presented by nanotubes are 
differentially integrated by iDCs, thereby influencing podosome formation and organization.The 2-D spatial arrangement of an adhesive substrate forms a physical stimulus that affects cellular behaviour. Lehnert et al. showed that B16 melanoma cells 
reorganize their FAs at the edge of micropatterned fibronectin spots, demonstrating the importance of signals from spatially rearranged integrin ligands for stable adhesion (53). We found that DCs can discriminate between adhesive and non-adhesive substrates by selectively forming podosomes on adhesion-permissive areas but not on PEG coated surfaces. In contrast to FAs (53), podosome formation seems not to depend on integrin stimulation by environmental chemical signals, as DCs 
also induce podosomes on hydrogels solely coated with a non-specific PLL coating. While mechanisms of ligand-mediated integrin activation have been described in great detail (54), much less is known about physical aspects of integrin activation. However, evidence is emerging that integrins can be directly activated by a mere physical stimulus, such as externally applied strain and shear stress (55, 56). Our results support this notion and suggest that a physical stimulus, represented by an 
adhesion-permissive substrate, is sufficient to activate integrins and thereby initiate podosome formation. Intriguingly, as soon as podosome formation is initiated by DCs, a constant number of about 100 podosomes per cell is formed, irrespective of the physico-chemical properties of the microenvironment. This strongly suggests a two-step model in which, on a 2-D surface, podosome formation is initiated by a yet unknown extracellular physical stimulus, whereas podosome number and maintenance are predominantly controlled by intracellular signalling pathways. Most likely, intracellular components such as actin or other cytoskeletal proteins are limiting the number of podosomes that can be formed per cell.In an attempt to mimic the 3-D geometry in tissues, efforts have focused on 
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fabricating patterns, topographies and fibres at the micro- and nanometre scale. This 
revealed the importance of 3-D substrate geometry in influencing cell behaviour (57, 58). In this study, we found that DCs respond to 3-D micropatterned substrates by rearranging podosomes at sites of high membrane curvature. Remarkably, both an inward and an outward curvature of the plasma membrane were able to direct podosome spatial organization. In addition, changes in surface topography 
as small as 100 nm could be sensed by the DC and appeared to be sufficient to induce podosome alignment. This suggests that DCs, when adhering in tissues, 
might be able to sense individual ECM fibres, which vary in size between 40-60 nm, and concentrate podosomes at hotspots of high physical stress. Our data indicate that this occurs irrespectively of the molecular nature of the microenvironment. Moreover, the actin content of podosomes on 3-D substrates was found to be higher than on 2-D surfaces, suggesting that DCs adapt to physical stress by concentrating 
cytoskeletal components on the edges of 3-D micropatterns. Altogether, our findings render podosomes as extremely suited structures to stabilize cell adhesion in a 3-D microenvironment.Podosomes predominantly align along the edges of 3-D micropatterns, which 
are regions of high membrane curvature. Moreover, 3-D geometric cues significantly impair PGE2-induced RhoA activation, thus preventing podosome dissolution. A model, depicting our hypothesis on the geometry-mediated regulation of intracellular signalling is shown in Figure 5D. Regions of high membrane curvature selectively concentrate proteins, including BAR domain containing proteins, and 
lipids, such as cholesterol, thereby creating signalling platforms at the inner leaflet of the plasma membrane which leads to the directed podosome formation on 3-D micropatterned substrates (42, 59). Local Rho GTPase activity plays an important role in the regulation of podosomes in DCs (43, 60). While increased RhoA activity causes podosome dissolution, activation of Cdc42 and Rac1 stimulates podosome formation. Interestingly, many BAR domain containing proteins either induce hydrolysis or exchange of nucleotides on small G-proteins (61, 62). In this way, membrane associated signalling platforms may create a local enrichment of Rho GTPase activity at the plasma membrane, favouring the non-random distribution of podosomes on 3-D micropatterns. More importantly, downstream signals derived from these signalling platforms appear to be propagated through the cytoplasm, since global PGE2-induced RhoA activation, normally observed on 2-D flat surfaces, is 
not detectable on 3-D micropatterns. 3-D geometric cues thereby directly influence the cellular signalling pathways that lead to PGE2-mediated podosome dissolution in human DCs. 
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We, and others, have demonstrated before that the migratory and immunostimulatory capacity of mature DCs critically depends on the RhoA-mediated dissolution of podosomes (30, 63). Furthermore, we showed here that, next to 
the adhesive properties, 3-D micropatterned substrates influence the phagocytic capacity and the maturation status of monocyte-derived iDCs. DC activation is a key process in initiating an effective immune response. It has been shown recently that integrin activity is important in the response of DCs to biomaterials (64), however, it is still very much unclear how different physical and chemical signals 
influence the activation of DCs. Our results indicate that substrate dimensionality controls many functions associated with DC biology, suggesting that DC activation, and therefore the initiation of an immune response is critically controlled by the DC microenvironment. How the physical and chemical signals are integrated by the DC to coordinate an immune response remains to be investigated.Podosomes have been put forward as adhesion structures involved in the matrix degradation and crossing of tissue boundaries (65, 66). Our studies reveal that podosomes are 3-D geometry sensing structures potentially acting as cellular stabilizers in a 3-D microenvironment. A major challenge is now to unravel how the cells geometry-sensing machinery induces podosome alignment and alters the signalling pathways leading to podosome dissolution.
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Supplementary Figures
DCs were seeded on coverslips coated 
with fibronectin, gelatin, laminin and PLL or uncoated coverslips. The cells 
were fixed after 16 hrs and stained with phalloidin-Texas Red and an anti-vinculin mAb to detect actin (red) and vinculin (green), respectively. DCs readily adhered and formed podosomes independent from the substrate chemical properties. Representative images are depicted.
Figure S1. Podosome formation is 
not influenced by substrate physico-
chemical properties
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Figure S1 Podosome formation is not influenced by substrate physico-chemical properties
DCs were seeded on coverslips coated with fibronectin, gelatin, laminin and PLL or uncoated coverslips.
The cells were fixed after 16 hrs and stained with phalloidin-Texas Red and an anti-vinculin mAb to detect
actin (red) and vinculin (green), respectively. DCs readily adhered and formed podosomes independent
from the substrate chemical properties. Representative images are depicted.
A-C) DCs were seeded on microcontact printed hydrogels, fixed and stained with phalloidin-Texas Red to detect actin. Overview picture made with conventional microscope showing the selective formation of 
podosomes on the spots of fibronectin. The spot size is 5 μm and the distance between the spots is 7.5 μm. Shown are A) The fibronectin spots visualized by FITC-conjugated rIgG B) Actin and C) The merged image of both. D) The number of spots spanned by cells was quantified for the different sized spots.
Figure S2. Podosome formation is exclusively dependent on cell adhesion irrespective of substrate 
physico-chemical properties
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Figur S2 Podosome formation is exclusively dependent n cell adhesion irrespective of substrate
physico-chemical properties
A-C) DCs were seeded on microcontact printed hydrogels, fixed and stained with phalloidin-Texas Red to
detect actin. Overview picture made with conventional microscope showing the selective formation of
podosomes on the spots of fibronectin. The spot size is 5 µm and the distance between the spots is 7.5 µm.
Shown are A) The fibronectin spots visualized by FITC-conjugated rIgG B) Actin and C) The merged
image of both. D) The number of spots spanned by cells was quantified for the different sized spots.
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A) Nearest neighbour angles (NNA, 
θ) were determined by calculating the angle of the nearest neighbour distances with respect to the y-axis. B) DCs were seeded on 3-D micropatterned substrates with different sizes and orientation 
and a height of 1 μm. Podosome alignment was observed on all the different 3-D micropatterns indicating that DCs sense 3-D geometric cues irrespective of the orientation of the cues. C) DCs were seeded on uncoated PS, PEN and PMMA 3-D micropatterns. Podosome alignment was observed on all substrates indicating that DCs sense 3-D geometric cues independent from substrate physico-chemical properties. Representative images are depicted. Representative images are 
depicted. The cells were fixed and stained with phalloidin-Texas Red and an anti-vinculin mAb to detect actin (red) and vinculin (green), respectively.
Figure S3. DCs sense substrate 
geometry irrespective of pattern 
shape and surface physico-
chemical properties
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Figure S3. DCs sense substrate geometry irrespective of pattern shape and surf ce
physico-chemical properties
A) Nearest neighbour angles (NNA, θ) were determined by calculating the angle of the nearest neighbour
distances with respect to the y-axis. B) DCs were seeded on 3-D micropatterned substrates with different
sizes and orientation and a height of 1 µm. Podosome alignment was observed on all the different 3-D
micropatterns indicating that DCs sense 3-D geometric cues irrespective of the orientation of the cues. C)
DCs were seeded on uncoated PS, PEN and PMMA 3-D micropatterns. Podosome alignment was
observed on all substrates indicating that DCs sense 3-D geometric cues independent from substrate
physico-chemical properties. Representative images are depicted. Representative images are depicted. The
cells were fixed and stained with phalloidin-Texas Red and an anti-vinculin mAb to detect actin (red) and
vinculin (green), respectively.
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Figure S4. Substrate dimensionality enhances phagocytic capacity and influences
differentiation status of iDCs
A) iDCs were seeded for 4 hrs on 2-D substrates and 3-D micropatterned surfaces. Subsequently, cells
were incubated for 30 min. with FITC-labeled Gram-negative (N. meningitides) and Gram-positive (S.
aureus) bacteria. Finally, cells were washed thoroughly before analyzing the amount of phagocytosed
bacteria by flow cytometry. Results were normalized to control values and the average values of 4 donors
are shown. *= p<0.05 B) iDCs were seeded for 24 hrs on 2-D substrates and 3-D micropatterns and the
surface expression levels of the costimulatory molecules CD80 and CD83, the chemokine receptor CCR7
and MHC class II molecules were determined by flow cytometry. Data shown are the mean values ± SD
for 2 donors.
A) iDCs were seeded for 4 hrs on 2-D substrates and 3-D micropatterned surfaces. Subsequently, cells were incubated for 30 min. with FITC-labeled Gram-negative (N. meningitides) and Gram-positive (S. aureus) bacteria. Finally, cells were washed thoroughly before analyzing the amount of phagocytosed bacteria 
by flow cytometry. Results were normalized to control values and the average values of 4 donors are shown. *= p<0.05 B) iDCs w re seeded for 24 hrs on 2-D substrates and 3-D micropatterns and the surface expression levels of the costimulatory molecules CD80 and CD83, the chemokine receptor CCR7 
and MHC class II molecules were determined by flow cytometry. Data shown are the mean values ± SD for 2 donors.
Figure S4. Substrate dimen-
sionality enhances phagocytic 
capacity and influences 
differentiation status of iDCs
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Chapter 4
Automated Podosome Detection in 
Fluorescence Microscopy Images
Podosomes are cellular adhesion structures involved in matrix degradation and invasion. They consist of a dense actin core and a ring of cytoskeletal adaptor proteins. Podosomes are mostly identified by staining with phalloidin, which binds to actin and therefore visualizes the core. However, actin is 
not a specific podosome component, resulting in a lot of background objects within 
a typical image, which makes segmentation by automated image processing difficult. We have developed a quantitative image analysis algorithm which is optimized 
to identify podosome cores within a typical sample stained with fluorochrome-conjugated phalloidin. By sequential local and global thresholding our analysis 
readily identifies up to 80 percent of podosome cores excluding other actin-based 
structures. We demonstrate that, based on the overlap in podosome identifications, our algorithm performs equally well compared to three experts. Using our algorithm we show that inhibition of actin polymerization by cytochalasin D decreases actin intensity in both the podosome core and surrounding actin network, whereas inhibition of myosin II activity by blebbistatin increases actin intensity in both core and network. By manipulating the segmented podosome cores, we have assessed the distribution of cytoskeletal adaptor proteins with respect to the boundary of the podosome core. This showed that vinculin, talin, paxillin and zyxin are differentially distributed within the podosome ring. Together, these applications illustrate that the herein described algorithm can be a valuable tool for the large scale analysis of podosomes to increase our understanding of these small adhesion structures.
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IntroductionPodosomes are highly dynamic adhesion structures that are involved in matrix degradation and invasion (1, 2). Structurally, they comprise a dense actin core, which has a diameter of approximately 350 nm, surrounded by a 250 nm wide ring of integrins and integrin-associated proteins (3). With lifetimes between 2-12 minutes, podosomes are highly dynamic and continuously change size, shape and 
composition (4, 5)(Chapter 5). They have initially been identified in Src-transformed 
fibroblasts and although previously thought to be restricted to only a few cell types, they have now been observed in smooth muscle cells, activated endothelial cells, and cells of the myeloid lineage such as osteoclasts, macrophages and dendritic cells (DCs) (6). More recently, podosome-associated structures named invadopodia are found on the ventral membranes of tumour cells where they are thought to play a central role in tumour metastasis (7, 8).Most of our current understanding of podosome formation, turnover and distribution is based on studies that exploit conventional and confocal microscopy techniques. Although these techniques are potentially quantitative, large scale image analysis is required to obtain enough statistical power to be able to detect subtle 
and transient variations in podosome components. Since manual identification of 
podosomes is very time-consuming and requires sufficient experience from the researcher, a reliable automated detection method is an essential tool to study the mechanisms that regulate podosome organization and behaviour.
Podosomes are most often identified by an actin staining that also serves as a reference for the costaining with other core or ring components. The actin staining 
is commonly performed with fluorochrome-conjugated phalloidin, which gives a 
typical punctate pattern within fluorescent images that is potentially well suited for automated detection. In recent years extensive progress has been made in the 
detection of spots in fluorescence microscopy images, which could also be applied 
to detect podosome cores. These methods range from morphological image filtering (9), wavelet-based multiscale detectors (10), to machine learning methods (11). However, several issues rise when applying these methods for the detection of podosome cores in phalloidin-stained images. First, although essential for proper 
identification of podosomes, phalloidin does not specifically stain the actin within 
podosome cores. Phalloidin also binds actin in cellular ruffles, focal adhesions and other actin based structures that are visualized within a typical sample. Second, the intensity of the podosome cores within a typical image is highly heterogeneous. 
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While some podosome cores may be brighter than most of the background structures, others are much dimmer. These issues result in a high number of false positives and false negatives, respectively, when applying established spot-detection methods for 
the identification of podosome cores in fluorescent images. This urges the need for 
a specific analysis algorithm to identify podosome cores within a phalloidin-stained sample.We developed a quantitative image analysis algorithm which is optimized 
to identify podosome cores within a typical sample stained with fluorochrome-conjugated phalloidin. By sequential local and global thresholding our analysis 
readily identifies up to 80 percent of podosome cores excluding other actin-based structures. Moreover, we demonstrate that, based on the overlap in podosome 
identifications, our algorithm performs equally well compared to three experts. Finally, we show that our analysis provides accurate quantitative information on podosome core and ring composition and structure, illustrating that it can be a valuable tool for the large scale analysis of podosomes to increase our understanding of these small adhesion structures.
Materials and Methods
Description of the AlgorithmThe basic idea behind the algorithm is to separate podosome actin cores from other actin rich cellular structures within phalloidin-stained samples based on intensity, shape and size. To achieve a good foreground separation we have developed a method that combines local and global thresholding, after suitable preprocessing to suppress noise. The algorithm is di-vided into 6 steps (Fig. 1A,B). To allow distinction between podosomes and other small ac-tin rich cellular structures, the image is preprocessed in two different ways (Step 1,3). The 
first preprocessing is optimized for local thresholding to segment the foreground (Step 2), which results in a mask of all the structures that stand out from the background in the origi-
nal image. The second preprocessing step is optimized to prevent the artificial enhancement of small dim cellular structures. Then, the resulting image from step 3 is combined with the mask obtained in step 2 to allow global thresholding (Step 4A). The global threshold applied to the combined image is calculated via the isodata method (12). After the global threshold, the image is segmented by a watershed algorithm and subsequently, podosome cores are se-lected based on size and shape (Step 4B). The information about the localization of the core can be used to calculate the position of the ring that surrounds the core, after which various podosome characteristics, such as the structure and composition of the core and ring, can be determined (Step 5).
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1. Image preprocessing for foreground separationTo enable rough podosome segmentation, the original image is preprocessed using Gauss-
ian smoothing to reduce noise and a high pass filter to enhance the contrast of small cellular 
features. For Gaussian smoothing, a standard deviation (sigma) below 1 (σ=0.5 pixel, 50 nm) was chosen in order to reduce noise as well as to enhance object visibility, without affecting 
the structure and intensity profile of the podosome cores within the image. Second, unsharp masking is applied by subtracting the Laplacian of the image from the image itself. The width 
of the Laplace operator is essential to filter for the right object sizes and should be about ten times smaller than the diameter of the podosomes.
2. Foreground separationTo separate the foreground, the image is thresholded based on a local threshold operation (13) given by:
where I are the pixel intensities and µ the average and σ the standard deviation of the pixel in-tensities in a circular structuring element B. The diameter of the structuring element is set to 
be about 1.3 times larger than the expected diameter of the podosomes. The first segmenta-
3) Image preprocessing 
Gaussian smoothing 
Original image  
1) Image preprocessing 
Gaussian smoothing, 
high pass filter 
2) Foreground separation 
Local intensity threshold (Niblack)  + 
filter on size and shape 
4) Foreground refining 
A) Combine 2 and 3 
B) Global threshold (isodata), 
distance transform based watershed,  
filter on size 
5) Measurements 
Podosome core and ring size, shape, 
and intensity. 
A B 
Meddens et al. Figure 1.  
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3 
2 
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4B 
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Figure 1. Schematic overview of algorithm
A) Main processing steps of algorithm. B) Segmentation of podosomes, the original image is preprocessed 
using Gaussian filtering and an unsharp mask (1) or Gaussian filtering only (3), a Niblack intensity threshold on (1) separates the foreground to produce a mask (2) which is combined with image (3) to produce image (4A), an isodata threshold, distance transform based watershed operation and filter on shape and size result in the regions of interest (4B).
IB > µB + — σR                                                                  [1]
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tion, created by the Niblack threshold, does not yet allow the selection of podosomes based on shape, size or intensity due to the fact that some of the other actin rich cellular structures that are still present that have roughly the same brightness, size and shape as podosomes. There-fore, after labeling the segmentation, a rough selection of the objects is applied to remove the outliers based on the area (number of pixels) and roundness. Roundness is calculated using:
where A is the number of foreground pixels and d is the maximal Feret diameter, which is the width of the longest projection (14). For circular objects the roundness becomes unity. The selection criteria for the area and roundness depend on the expected average and variation 
in size of the podosomes which are specified for each application. The boundaries used here are 1.5 times smaller and larger than the upper and lower size of podosomes, respectively. The lower and upper limits for the roundness are set to 0.4 and 1. The resulting segmenta-tion mask will then be combined with the image that will be obtained in step 3 of the analysis algorithm.
3. Image preprocessing for foreground refining
The first image preprocessing step does not only enhance podosomes but also other small cellular features that are present in the original image. The mask obtained in step 2 therefore 
still contains many unwanted features that should not be identified as podosome cores. In 
order to allow the separation of the podosome cores from the other objects, the first mask is combined with a Gaussian smoothed version of the original image. For Gaussian smoothing, 
a standard deviation sigma of 1 pixel (100 nm) was chosen to filter out objects much smaller then podosome cores while leaving podosome sized objects intact.
4. Foreground refiningTo segment the podosomes a global threshold is applied. For this, an automated isodata threshold is used (12) in which all background pixels that result from the masking are ig-nored. The global threshold is followed by a watershed segmentation on the distance trans-
form of the binary image (15) to separate connected/touching blob like objects. The final selection of podosome cores is made from this mask based on size.
5. MeasurementsThe segmented podosomes can be used to quantitatively investigate podosome core inten-sity, size and shape. To study the structure and intensity of the ring, the individual segmenta-tions can be easily manipulated (dilated or eroded). We can calculate the intensity in the ring around the podosomes as a function of distance from the initial segmentation mask. To this end we create a binary mask Mr as
where DT is the distance transform on the logical complement of the individual podosome 
R =  —                                                                             [2]4A
pd2
Mr =  rmin < DT(obj) < rmin                                              [3]
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segmentation, rmin and rmax are the minimal and maximal distance from the segmentation boundary and obj is the segmented podosome. Subsequently fluorescence intensity of actin, or costainings of other proteins, can be determined by applying these segmentation masks.
Preparation of Human DCsDCs were generated from PBMCs as described previously (16, 17). Monocytes were derived either from buffy coats or from a leukapheresis product. Plastic-adherent monocytes were cultured in RPMI 1640 medium (Life Technologies) supplemented with foetal bovine serum (FBS, Greiner Bio-one), 1mM Ultra-glutamine (BioWhittaker), antibiotics (100 U/ml penicil-lin, 100 µg/ml streptomycin and 0.25 µg/ml amphotericin B, Gibco), IL-4 (500 U/ml), and 
GM-CSF (800 U/ml) in a humidified, 5% CO2 containing atmosphere.
Antibodies and ReagentsThe following antibodies were used: mouse anti-vinculin, mouse anti-talin (Sigma-Aldrich), mouse anti-paxillin (BD Transduction Laboratories) and goat anti-zyxin (Santa Cruz Bio-technology, Inc). Texas Red-conjugated phalloidin (Invitrogen) was used to stain F-actin. The following inhibitors were used: 2.5 µg/ml Cytochalasin D and 20 µM Blebbistatin (Sigma-Aldrich).
Immunofluorescence
Cells were seeded on fibronectin-coated coverslips, left to adhere for 4 hrs and stimulated or 
left untreated. The cells were fixed in 3.7% (w/v) formaldehyde in PBS for 10 min. Cells were permeabilized in 0.1% (v/v) Triton X-100 in PBS for 5 min and blocked with 2% (w/v) BSA in PBS. The cells were incubated with primary Ab for 1 h. Subsequently, the cells were washed with PBS and incubated with Alexa Fluor 488-labeled secondary Abs for 45 min. Finally, cells were incubated with Texas Red conjugated phalloidin for 30 min. and washed with PB prior 
to embedding in Mowiol (Sigma-Aldrich). The cells were imaged with a Leica DMRA fluores-cence microscope with a 63× PL APO 1.3 NA oil immersion lens and a COHU high-perform-ance integrating CCD camera (COHU, San Diego, CA) with 1200 x 1600, 8 bit pixels. Samples 
were excited with an OSRAM HBO103 w/2 mercury lamp and a GFP and N2.1 filtercube were used to image the Alexa Fluor 488-labeled secondary Abs and Texas Red conjugated phalloi-din, respectively. The GFP and N2.1 channels were sequentially acquired with an integration time of 200 ms and 10 ms, respectively. Imaging was also performed on a Olympus FV1000 confocal laser scanning microscope with a 60x 1.35 NA oil immersion objective, Phalloidin-
TexasRed was excitated with a 559 nm diode laser and emission fluorescence was filtered by 
a 575-675nm bandpass filter and detected through a 125 nm pinhole. Frames were acquired 
at 1200 x 1600 pixels with 100 nm pixel size, 16 bits per pixel and 12.5 μs pixel time.
TransfectionTransient transfection of LifeAct-GFP (gift of Michael Sixt, Max Planck Institute of Biochemis-try, Martinsried) was carried out with the Neon Transfection System (Invitrogen). Cells were 
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washed with PBS and resuspended in 115 μl Resuspension Buffer per 0.5*106 cells. Subse-
quently, cells were mixed with 5μg per 1*106 cells per transfection and electroporated. Direct-ly after, cells were transferred to WillCo-dishes (WillCo Wells bv.) with prewarmed medium without antibiotics or serum. After 3 hours, medium was replaced by medium supplemented with 10% (v/v) FCS and antibiotics.
Live Cell ImagingPrior to live cell imaging, cells were washed with PBS and imaging was performed in RPMI 
without Phenol red supplemented with 25 μM HEPES. Transiently transfected cells were im-aged on a Zeiss LSM 510 microscope equipped with a PlanApochromatic 63x/1.4 NA oil im-mersion objective. GFP was excited with a 488 nm Argon laser and detected through a 125 nm 
pinhole. Images (140 nm pixel size) were acquired every 15 s at 37°C with a 12.5 μs pixel time.
Statistical AnalysisStatistical analysis was carried out with GraphPad Prism and Microsoft Excel. Data are pre-
sented as mean ± standard deviation for column graphs and median ± interquartile range for box plots. A Student’s t-test was used for comparison of two groups. Statistical significance 
was defined as P<0.05.
Image Processing and SoftwareThe algorithm described in this work is available online at http://www.diplib.org/add-ons. All image processing and analysis was implemented using MATLAB (2012a, 64 bit) and the DIPimage (v2.4) toolbox .
Results
Performance of the AlgorithmTo assess the performance of the algorithm we collected a typical microscopy image of DCs, seeded onto glass coverslips and subsequently stained with Texas Red-conjugated phalloidin and a monoclonal vinculin antibody (Fig. S1). Figure 2A 
displays a cropped region of the actin image, clearly revealing the difficulties that arise for the automated segmentation of podosome cores. First, some podosomes appear much brighter than the background whereas others are only just above 
background intensity, which makes the automatic identification difficult. Second, not all small bright objects within the image are podosomes. Many objects within 
the image are difficult to evaluate, even by an experienced researcher. We assessed the performance of the algorithm by comparing its outcome with podosome 
identifications by experienced researchers. The experts, which all three have extensive experience in the interpretation of podosome images, used the vinculin co-staining along with the actin staining, to identify podosomes within Fig. S1. The 
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experts clicked on each object they identified as a podosome core, and the coordinates of these positions were saved. Next, the algorithm was applied to the actin image only. The areas segmented by the algorithm were considered to be the same as an 
expert’s identification when the coordinates of the expert’s position were within 3 pixel radius of the segmented area. Table 1 shows the overlap between the experts and the algorithm. Although the algorithm detects less podosomes than the experts, the overlap among experts is comparable to that of the algorithm. This shows that the algorithm is a solid tool for the detection of podosomes within phalloidin stained samples.To assess the performance of the algorithm in images with less actin rich structures besides podosome cores, we have made 17 crops of podosome clusters from the image shown in Figure 2A. We then used the algorithm to identify the podosome cores within these 17 individual images. Again, we compared the 
segmented areas to the expert’s identifications. A podosome core was considered to be correctly segmented when at least two expert’s positions were within a 3 pixel radius of the segmented area. Cropping of the image increased the sensitivity of podosome core detection from 76% to 85% while the false positives decreased from 13% to 9% (Table 2), indicating that the performance of the algorithm is even better in images with isolated podosome clusters.To study the dynamics of podosomes, live cell imaging is mostly carried out on 
C D 
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Meddens et al. Figure 2.  
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Bright podosomes Dim podosomes Actin rich features 
A B
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Figure 2. Selection of podosomes in images of fixed and live cells
A) DCs were seeded on glass coverslips, fixed and stained with Texas Red conjugated phalloidin and 
imaged in widefield, insets show podosomes and other actin rich features. C) DCs were electroporated with LifeAct-GFP, seeded on glass Willco dishes and live cell imaging was performed on a confocal microscope. The algorithm was applied to the images in (A) and (C), the output is shown as labeled podosome core segmentations in (B) and (D), respectively. Scale bars represent 10 μm.
Ch
ap
te
r
4
Automated Podosome Detection for Fluorescence Microscopy | 91
cells transfected with a fluorescent protein linked to either actin or an actin probe. To assess the performance of the algorithm in this type of image we performed confocal 
microscopy on DCs electroporated with LifeAct-GFP, which is an actin specific probe. In the resulting time lapse movies only one cell is visible per image (Fig 2C). The performance of the algorithm was assessed for 3 independent LifeAct-GFP images, in the same way as was described above for the cropped images. The output of the algorithm for the image in Figure 2C is shown in Figure 2D. The sensitivity of the algorithm is 83% with a 16% false positive ratio. The performance of the algorithm 
in live cell confocal microscopy is comparable to the performance in fixed, wide-field microscopy, showing the applicability of the algorithm to study podosome dynamics in live cell movies.
Actin Density in Podosome Core and Network
Podosomes consist of dense actin cores which are surrounded by actin filaments 
that are also associated with myosin II (1)(Chapter 5). These actin filaments are collectively called the actin network (18) and, since this network cannot be resolved by conventional microscopy, appears as a cloud that surrounds the actin cores within low resolution images (4). To further evaluate our image analysis algorithm we have tested whether we could assess changes in the actin intensity in the core and the surrounding network upon myosin II inhibition by blebbistatin (blebb) and inhibition of actin polymerization by cytochalasin D (cytoD), two frequently used compounds to study actin-based adhesion structures. For this purpose, DCs were seeded onto glass coverslips and were either left untreated or were incubated 
with 20 µM blebb or 10 µM cytoD, before being fixed and stained for actin. For each condition at least 5 images, containing multiple cells, were taken on a confocal microscope, allowing the comparison of over 3000 podosomes per condition. The 
actin intensity in the core was determined by measuring the mean fluorescence 
Tables               Sensitivity % false positives 
Large image  76% 13% 
Homogenous crop  85% 9% 
Life-Act-GFP movie  83% 16%    
 
Number of 
podosomes 
identified 
Overlap with 
expert 1 
Overlap with 
expert 2 
Overlap with 
expert 3 
Expert 1  1217 1236 1301 1039 
Expert 2  1236 1066 891 923 
Expert 3 1301 891 938 896 
Algorithm 1039 923 896 880 
Table 1. Performance of the algorithm on image in Figure S1
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intensity for each segmented podosome in the original image. To determine the actin intensity in the actin network, each segmented podosome core was dilated 4 times, with alternating shape of the structuring element between diamond-shaped 
(four-connected) and square (eight-connected). The mean fluorescence intensity for these dilated regions was also measured and the intensity in the actin network was 
calculated using equation [3]. By visual inspection of the images no clear differences between treated and untreated samples could be observed. Instead, the large scale 
analysis clearly shows a statistically significant increase in actin intensity in the core and the surrounding network upon myosin II inhibition (Fig. 3A,B). On the contrary, inhibition of actin polymerization decreases the actin intensity around the core as well as in the core itself. These results show the applicability of automated assessment of individual podosomes to determine intensity levels of podosome core components, with a statistical power not afforded before.
Podosome Ring CompositionTo further exploit the use of our image analysis algorithm we set out to measure the distribution of podosome ring components with respect to the podosome core. To determine the intensity of ring components, cells were stained for both actin and a ring component. Podosomes were segmented in the actin image and a distance transform was calculated for both the inverted and normal segmentation mask. Next, masks were created for pixels at each distance from the boundary of the segmented area, both within the segmented area and in the background. These segmentation masks were subsequently applied to the costaining of the ring components (Fig. 3C).Cytoskeletal adaptor proteins, such as vinculin, talin, paxillin and zyxin, are abundantly present within podosomes rings. They are thought to link the integrins in the ring with the actin in the podosome core. Although these four proteins are generally being referred to as ring components their localization around the podosome core varies greatly. For example, vinculin appears as a distinct ring, whereas talin appears to form a ‘carpet’ which contains holes at the sites where 
Tables               Sensitivity % false positives 
Large image  76% 13% 
Homogenous crop  85% 9% 
Life-Act-GFP movie  83% 16%    
 
Number of 
podosomes 
identified 
Overlap with 
expert 1 
Overlap with 
expert 2 
Overlap with 
expert 3 
Expert 1  1217 1236 1301 1039 
Expert 2  1236 1066 891 923 
Expert 3 1301 891 938 896 
Algorithm 1039 923 896 880 
Table 2. Performance of the algorithm compared to combined observations of three 
experts
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the podosome cores are located (Fig. 3D). Using our analysis we quantitatively assessed the structural differences between the localization of the four adaptor 
proteins. Therefore, we seeded DCs onto glass coverslips, fixed and stained them 
with Texas Red-conjugated phalloidin and specific antibodies to visualize actin and the ring components vinculin, talin, paxillin and zyxin, respectively. Subsequently, 
we identified the podosome cores within these images and measured the intensities for the ring as described above. In this way the localization of the adaptor proteins with respect to the core was determined. Figure 3E shows that, whereas vinculin and paxillin both form a ring with a diameter larger than the core diameter, talin is more homogeneously distributed between podosome cores and zyxin forms a ring within the diameter of the core. These results show the applicability of the podosome core detection algorithm to quantitatively asses ring component distribution. The differential distribution of the cytoskeletal adaptor proteins in podosome rings most 
likely correlates with their many specific interaction partners and their function in podosome biology. 
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Figure 3. Podosome core and 
ring composition
A) DCs were seeded on glass coverslips, cells were left untreated (top), were treated for 30 min. with 20 µM blebbistatin (middle), or treated for 20 min with 2.5 µg/ml cytoD (bottom). 
Afterwards they were fixed and labelled with Texas Red conjugated phalloidin. B) For each condition 
median ± interquartile range of the actin core intensity (left graph) and actin network intensity (right graph) for at least 800 podosomes is plotted. Data are normalized to 
the average intensity. Significant differences (p<0.05) are indicated by asterisks. C) To measure podosome composition, the segmented podosome cores are eroded and dilated to generate segmentation masks covering the podosome core and ring. D) DCs 
were seeded on glass coverslips, fixed and immunolocalizations of actin (red) with either (in green) vinculin, talin, zyxin and paxillin are shown. E) The relative intensity (normalized to maximum) of all 5 proteins is plotted for distance from the boundary of the podosome core segmentation, where negative values indicate areas within the segmented podosome cores and positive values indicate areas in the 
background. Scale bars represent 3 μm.
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Discussion
In this study we describe, for the first time, a method for automated detection 
of podosome cores in fluorescence (confocal) microscopy images. This method 
combines local and global thresholding on differentially filtered versions of the original image and can be used to quantitatively detect and measure intensities of podosome core and ring components.
Podosomes are most often identified by a staining of filamentous actin, however 
filamentous actin is not only present in podosome cores, but also in many other 
cellular components such as focal adhesions and stress fibres. So far, no specific 
podosome core or ring marker has been identified. Therefore, an algorithm to identify podosomes should be able to detect podosome cores by other means then 
based on the intensity of a certain fluorescently labelled protein. In our algorithm we combine intensity, by local and global thresholding, size and shape of objects to distinguish podosomes from other actin rich cellular features.The need for automated podosome detection partially results from the fact that it is very time consuming to manually detect podosomes in an image. For comparison, to identify all podosomes in the image shown in Fig. S1, experts needed on average one hour. During this hour, the experts only pointed the positions of the podosome 
cores. By contrast, the algorithm was finished in 14 seconds and the output of the algorithm does not only contain the positions, but also the boundaries of the core. In this way, intensity measurements of core components and, by manipulating the 
segmented areas, of ring components were very easy to implement. Another benefit 
of using an algorithm over manual identification is the fact that the algorithm is unbiased, while a researcher’s eye is always preconceived. We have tested the performance of the algorithm by comparing it to expert 
identifications of podosome cores, thereby demonstrating that the algorithm has a sensitivity of 80% with a 15% false positive rate. Importantly, the inter-experts overlap was also around 80% showing that there is no clear consensus among 
experts which objects in the image should be defined as podosome cores. One could 
therefore argue that among the 15% false positives identified by the algorithm, there may be multiple objects that are actually podosome cores. Since the algorithm can detect podosomes in live cell images of cells expressing an actin probe, it can be used to study podosome dynamics. In time lapse movies 
the specificity of the detection will increase because unwanted objects can be disregarded if they are not consistent from frame to frame and appear in a few 
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frames only. With a sampling frequency of a few frames per minute podosomes are expected to be present in tens of consecutive frames before dissolving, thereby allowing the removal of segmentation artifacts, when they are present in only a few frames. Finally, this method might be useful for other image analysis purposes as well, where small features have to be separated from an uneven background 
resulting from aspecific staining or localization of fluorescent probes.To demonstrate the applicability of the algorithm we have used it to study podosome core and ring composition. We have established the effects of cytoD and blebb on the actin intensity in podosome core and rings. By inhibiting actin polymerization, cytoD decreases actin intensity in both the podosome core and actin network surrounding the core. By contrast, myosin II inhibition results in an increase in actin intensity in both core and actin network. Because automated 
detection can very efficiently measure thousands of podosomes, small but relevant differences in intensity levels could be detected for different drug treatments with 
sufficient statistical power.We also used the algorithm to assess the localization of podosome ring components in relation to the actin core. Hereby, we showed that vinculin, talin, paxillin and zyxin are differentially distributed around the podosome cores. Talin displayed a homogeneous distribution between the cores, whereas vinculin, paxillin and zyxin are present as a clear ring around the core. Interestingly, the vinculin and paxillin has a diameter larger than the core while the zyxin ring is smaller. This type of large scale analysis of the localization of podosome components can clearly contribute to the understanding of podosome structure and the function of its components. Collectively, we demonstrate that our algorithm can be used to study the composition of the podosome actin core, the actin network and ring components. 
In summary, the proposed method identifies podosome cores in fluorescence 
image of cells with high sensitivity and specificity compared to expert identifications. It thereby provides a useful tool to study podosome core and ring composition in a fast, quantitative, automated way.
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Cells were seeded on glass coverslips and left to adhere for 3 hrs. Cells were subsequently fixed and stained with Texas Red-conjugated phalloidin and a monoclonal anti-vinculin antibody to visualize A) actin and B) vinculin, respectively. The white square in A is the cropped region shown in Figure 2A/B. 
C) Merged image showing actin in red and vinculin in green, which was used by the experts to identify podosomes.
Figure S1. Representative image of DCs stained for actin and vinculin 
Figure S1. Representative image of DCs stained for actin and vinculin Cells were 
seeded on glass coverslips and left to adhere for 3 hrs. Cells were subsequently fixed 
an  stai ed with T xas Red-conjugated phalloidin and a monoclonal anti-vinculin 
antibody to visualize A) actin and B) vinculin, respectively. The white square in A is the 
cropped region shown in Figure 2A/B. C) Merged image showing actin in red and 
vinculin in green, which was used by the experts to identify podosomes.  
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Chapter 5
Interplay Between Myosin IIA-
Mediated Contractility and Actin 
Network Stretch Orchestrates 
Podosome Integrity and Oscillations
Podosomes are dynamic adhesive and protrusive structures involved in matrix degradation and remodelling. They consist of an actin core surrounded by a ring of integrins and adaptor proteins, such as talin and vinculin. Individual 
podosomes are interconnected by a filamentous actin network that is associated with myosin IIA. How the actomyosin apparatus regulates podosome integrity and dynamics remains elusive. Here, we demonstrate that core growth, driven by actin polymerization, stretches the actin network, thereby facilitating tension-sensitive vinculin and zyxin to the ring. This functional linkage between core and ring preserves overall podosome integrity independently of myosin IIA. By contrast, myosin IIA is important for core shrinkage by contracting the actin network, thereby reducing the levels of tension-sensitive ring components. We propose that this delicate interplay between actin polymerization at the core and myosin IIA-mediated contractility at the ring orchestrates podosome integrity and oscillations. Our data provide novel mechanistic insight into the behaviour of podosomes highlighting their role as protrusive apparatus.
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IntroductionPodosomes are adhesive structures mainly formed by cells of the myeloid lineage, including antigen-presenting dendritic cells (DCs) and osteoclasts (1, 2). Although their precise function is still unclear, podosomes have been associated with matrix degradation and cell protrusion (3, 4). Podosomes are small circular structures that consist of a dense core of actin surrounded by a ring of integrins and adaptor proteins, such as talin and vinculin (5). Podosome distribution substantially differs between cell types, varying from circular belts in osteoclasts to large clusters in macrophages and DCs (6-8). Within these higher-ordered structures, individual 
podosome cores seem connected by a network of filamentous actin (F-actin) (9). Recently, also non-muscle myosin IIA has been associated with podosome clusters in macrophages and DCs (3, 10, 11). However, the exact role of the actin network and non-muscle myosin IIA in preserving the integrity of the podosome core and ring is not yet known.Podosomes are highly dynamic structures with lifetimes ranging between 2-10 minutes and continuous actin turnover within the core (8, 9). By applying atomic force microscopy, the podosome cores have been shown to exhibit actomyosin-dependent periodic stiffness oscillations in macrophages (12). Although their molecular determinants remain unknown, these stiffness oscillations have been proposed to correspond to the pushing activity of podosomes and may contribute to podosome protrusiveness. This hypothesis is supported by data obtained in DCs where myosin IIA inhibition resulted in decreased protrusive activity (3). It remains to be established whether, similarly to stiffness, the levels of the molecular 
constituents of core and ring also fluctuate in time.Podosome rings contain adaptor proteins such as vinculin, talin, zyxin and paxillin, also found in focal adhesions (FAs). The recruitment of these adaptor proteins to FAs has been shown to be controlled by myosin IIA-mediated contraction (13, 14). Despite the fact that podosomes are much more dynamic than FAs, the molecular kinetics of their individual components is unknown, and the role of tension-mediated mechanisms in driving the recruitment of adaptor proteins to podosome rings remains elusive.Here, we investigate the role of the actin network and myosin IIA-mediated contractility in the dynamic growth and shrinkage of podosomes. We exploited primary human monocyte-derived DCs, which in their immature state spontaneously form numerous podosomes (11, 15). By applying complementary microscopy 
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techniques we demonstrate that the interplay between actin network stretch and myosin IIA-mediated contractility regulates podosome integrity and dynamics. Our 
findings indicate that the actin network stretch induced by podosome core growth drives the recruitment of adaptor proteins to the ring, thereby providing novel mechanistic insights into the dynamic behaviour of these adhesive and protrusive structures.
Material and Methods
Preparation of Human DCsDCs were generated from peripheral blood mononuclear cells (PBMCs) as described pre-viously (26, 27). Monocytes were derived either from buffy coats or from a leukapheresis product. Plastic-adherent monocytes were cultured in RPMI 1640 medium (Life Technolo-gies) supplemented with foetal bovine serum (FBS, Greiner Bio-one), 1mM Ultra-glutamine (BioWhittaker), antibiotics (100U/ml penicillin, 100 µg/ml streptomycin and 0.25 µg/ml amphotericin B, Gibco), IL-4 (500 U/ml), and GM-CSF (800 U/ml) in a humidified, 5% CO2 containing atmosphere.
Antibodies and ReagentsThe following antibodies were used: mouse antivinculin, mouse antitalin (Sigma-Aldrich), mouse antipaxillin (BD Transduction Laboratoriestm), goat antizyxin (Santa Cruz Biotechnol-ogy, Inc.), rabbit antimyosin IIA (Biomedical Technologies, Inc.). Texas Red conjugated phal-loidin (Invitrogen) was used to stain F-actin. The following inhibitors were used: 2.5µg/ml Cytochalasin D and 20µM Blebbistatin (Sigma-Aldrich).
Immunofluorescence
Cells were seeded on fibronectin-coated coverslips, left to adhere for 4 hrs and stimulated or 
left untreated. The cells were fixed in 3.7% (w/v) formaldehyde in PBS for 10 min. Cells were permeabilized in 0.1% (v/v) Triton X-100 in PBS for 5 min and blocked with 2% (w/v) BSA in PBS. The cells were incubated with primary Ab for 1 h. Subsequently, the cells were washed with PBS and incubated with Alexa Fluor 488-labeled secondary Abs for 45 min. Finally, cells were incubated with Texas Red conjugated phalloidin for 30 min. and washed with PB prior 
to embedding in Mowiol (Sigma-Aldrich). Cells were imaged on a Leica DMRA fluorescence microscope with a 63× PL APO 1.3 NA oil immersion lens and a COHU high-performance in-tegrating CCD camera (COHU, San Diego, CA) or a Zeiss LSM 510 microscope equipped with a PlanApochromatic 63x/1.4 NA oil immersion objective. Images were analyzed using Fiji soft-ware.
Transfection and Live Cell ImagingTransient transfections were carried out with the Neon Transfection System (Invitrogen). 
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Cells were washed with PBS and resuspended in 115 µl Resuspension Buffer per 0.5*106 cells. Subsequently, cells were mixed with 5µg per 1*106 cells per transfection and electroporated. Directly after, cells were transferred to WillCo-dishes (WillCo Wells bv.) with prewarmed medium without antibiotics or serum. After 3 hours, medium was replaced by medium sup-plemented with 10% (v/v) FCS and antibiotics. Prior to live cell imaging, cells were washed 
with PBS and imaging was performed in RPMI without Phenol red to avoid autofluorescence. Transiently transfected cells were imaged on a Zeiss LSM 510 microscope (see above). The samples were excited with a 488 nm (GFP) Argon and a 543 nm (RFP) NeHe laser. Dual colour images were acquired every 15 s at 37 degrees Celsius.
FLIM ExperimentsFrequency-domain FLIM experiments on transfected DCs were performed using a Nikon 
TE2000-U inverted wide-field microscope and a Lambert Instruments Fluorescence Attach-
ment (LIFA;Lambert Instruments, Roden, The Netherlands) for fluorescence lifetime imaging. 
A light-emitting diode (Lumiled LUXEON III, λmax = 443 nm) modulated at 40 MHz was used to excite mTFP1. Fluorescence detection was performed by a combination of a modulated 
(40 MHz) image intensifier (II18MD; Lambert Instruments) and a CCD camera (CCD-1300QD; VDS Vosskühler, Osnabrück, Germany) with 640×512 pixels. The emission of mTFP1 was de-
tected through a narrow emission filter (475/20 nm; Semrock, Rochester, U.S.A.) to suppress 
any fluorescence emission from the Venus fluorophore. FLIM measurements were calibrated 
with a 1 μM solution of pyranine (HPTS), the fluorescence lifetime of which was set to 5.7 ns (Tran-Thi et al, 2000). All FLIM images were calculated from phase stacks of 12 record-ed images, with exposure times of individual images of cells ranging from 500 to 1000 ms. For acceptor photobleaching measurements, an USH-102DH 100 W mercury lamp (Nikon) was used. Directly after FLIM image acquisition the light-emitting diode was used to take an mTFP1 image as a reference image for the localization of single podosomes. Regions of interest were selected using the mTFP1 image and FLIM values were calculated for individual podosome rings.
FRAP MeasurementsFluorescence Recovery after Photobleaching was performed on a LSM510 meta confocal laser 
scanning microscope (Zeiss, Germany) with a 63x, 1.45NA oil objective. GFP fluorescence was excited at 488 nm (argon laser), while the emission was collected with 500-550nm bandpass 
filter adjusted through mirrors. FRAP experiments were performed using a 2.1 µm diameter circular region of interest in individual podosomes. Photobleaching was performed operating at 100% of laser power by scanning the bleached ROI for 2 iterations, yielding a total bleach 
time of 0.10 s and an average fluorescence loss of ~50%. Recoveries were collected with time intervals of 400 ms for actin-GFP and 200 ms for GFP-tagged adaptor proteins using 488 nm excitation. Fluorescence intensity data for the bleached ROI and a control ROI were calculated using Fiji software. After background correction and normalization to t0 using a method that 
is known as double normalization(28), the single postbleach curves were fitted with the fol-
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lowing model: I(t) = y0 + A1e(-t/t1) + A2e(-t/t2)  where y0 is the mobile fraction, –A1 and –A2 are the fractional contributions of the two subpopulations and t is the time from the moment of bleaching. The halftime recovery values were calculated with t1/2 = ln2 * t . Importantly, for 
all FRAP experiments, except for the cytosolic data in Suppl. Fig. S3, the two-component model 
was more appropriate than a single-component exponential model (i.e. a model without the third 
term).
Podosome Height AnalysisDCs were co-transfected with Lifeact-RFP and vinculin-GFP, subsequently seeded on a Will-
Co-dish for 24 hrs and finally fixed with 3.7% formaldehyde. Z-stacks with 100nm slices of double-positive DCs were collected using a 543 nm NeHe laser to excite RFP on a LSM510 meta confocal laser scanning microscope (Zeiss, Germany) with a 63x, 1.45NA oil objective. On average 27 images (i.e. 2.7 µm in z-depth) were taken to ensure that all Lifeact-RFP sig-nal within the podosome cluster was collected. The vinculin-GFP images were taken using a 
488 nm Argon laser with the pinhole completely opened to collect all the fluorescence emit-
ted by vinculin-GFP. Next, the Lifeact-RFP z-stacks were used to calculate a z-profile of every single podosome. Podosome height was determined as the number of images the between the membrane focal plane and the focal plane where the RFP signal was lower than twice the background. Finally, the number of images was correlated to the average intensity of the cor-responding vinculin-GFP signal from the same podosome.
Correlation Analysis
Fluctuations in fluorescence intensity were simultaneously monitored for both actin and each adaptor protein in time for many different individual podosomes. Subsequently, values were background corrected and normalized to the average. Values were plotted in a box plot and 
fitted with a linear (y = ax + b where a is the slope and b is the intercept) and a one phase decay  (y = y0Ae(-k*x) + A where A is the plateau and k is the rate constant) fit using GraphPad Prism version 5.00 for Windows (GraphPad Software, San Diego California USA).
Statistical AnalysisStatistical analysis was carried out with GraphPad Prism and Microsoft Excel. Data are pre-
sented as mean ± standard deviation for column graphs and median ± interquartile range for box plots. A Student’s t-test was used for comparison of two groups. Statistical significance 
was defined as P<0.05.
Results
Myosin IIA-Mediated Contractility Is not Essential for Actin Core IntegrityWe have previously shown that myosin IIA is the predominant myosin isoform expressed by DCs playing an important role in PGE2-mediated podosome dissolution (11). Here, we investigated the contribution of myosin IIA-mediated contractility in 
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the regulation of podosomes under steady state conditions.
First, we used immunofluorescence microscopy to determine the localization of myosin IIA and actin in podosomes and FAs on DCs. As expected, myosin IIA colocalises 
with actin filaments at FAs and is present in the podosome cluster, but apparently excluded from the podosome core, suggesting that myosin IIA is associated with the actin network (Fig. 1A). To investigate whether myosin IIA also contributes to molecular tension within the podosome cluster, we used an intramolecular FRET-FLIM based vinculin tension sensor (VinTS), which has recently been developed and applied to detect tension forces at FAs(16). When tension is applied to VinTS, 
this protein is stretched and FRET efficiency of the mTFP1-Venus fluorophore pair 
decreases, thus resulting in higher mTFP1 fluorescence lifetime values. A tension insensitive tail-less vinculin (VinTL), which cannot bind to actin and is therefore unable to stretch, serves as a negative control. We transfected human DCs with 
either VinTS or VinTL and measured the mTFP1 fluorescence lifetime in individual 
podosomes. As shown in Fig. 1B, we found higher mTFP1 fluorescence lifetime values for VinTS compared to VinTL, indicating that tension is applied to vinculin within individual podosomes. Moreover, this tension was found to be myosin IIA-dependent, 
as the addition of the specific myosin inhibitor blebbistatin completely released the tension on vinculin (Fig. 1B). These results indicate 
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Figure 1. Myosin IIA-mediated contractility not 
essential for podosome core integrity
A) Myosin IIA is associated with FAs and podosomes. 
Immature DCs were seeded on glass coverslips, fixed and stained for Texas Red conjugated phalloidin and a 
fluorescent myosin IIA mAb to visualize actin and myosin IIA, respectively. B) Cells were transfected with either VinTS 
or VinTL and fluorescence lifetime was measured before and after treatment with 20µm blebbistatin. Shown is the 
frequency distribution of the fluorescence lifetime of at 
least 800 individual podosome rings and the Gaussian fit of the data. C) Immature DCs were seeded on glass coverslips and left untreated or stimulated with 20µM blebbistatin 
for 5, 10, 20 and 30 min. Cells were subsequently fixed and stained with Texas Red-conjugated phalloidin to quantify the number of podosome-bearing cells and the FA markers vinculin, talin, zyxin and paxillin to quantify the number 
of FA-bearing cells. Mean ± SD of the percentage of cells displaying podosomes or FAs for at least 100 cells per 
condition. Significant differences from t=0 are indicated with asterisks (p<0.05).
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that myosin IIA is present at the podosome site and provides tension within the podosome cluster most likely acting on the actin network.Subsequently, we investigated whether myosin IIA-mediated contractility is necessary for the integrity of podosome cores. For this purpose, DCs represent a unique cell system since they bear both podosomes and FAs, as indicated by 
the localization of bona fide FA markers in unstimulated cells (Fig. S1). Rapid disassembly of FAs therefore serves as an internal control for the inhibition of myosin 
IIA-mediated contractility. We quantified the number of DCs displaying FAs and podosomes before and after treatment with 20µM blebbistatin, which in previous 
studies has been shown to inhibit FA formation and maturation on fibroblasts and Chinese hamster ovary cells (13, 17). We observed that upon myosin IIA inhibition, DCs rapidly disassembled FAs but retained podosomes for up to 30 min at least (Fig. 1C), demonstrating that podosome actin core integrity is not dependent on myosin IIA-mediated contractility.
Myosin IIA-Mediated Contractility Controls Actin Core DynamicsNext, we investigated the role of myosin IIA-mediated contractility in podosome core dynamics by performing live imaging on cells transfected with GFP-tagged actin-binding protein Lifeact (Lifeact-GFP) before and after blebbistatin treatment. 
We found that intensity fluctuations of Lifeact-GFP, observed in untreated cells, 
were completely abrogated upon myosin IIA inhibition (Fig. 2, A and B; and Video 1), demonstrating that myosin IIA-mediated contractility is essential for podosome core oscillations.To examine whether actin turnover within the podosome core was affected by 
myosin IIA inhibition, we performed fluorescence recovery after photobleaching (FRAP) analysis on multiple individual podosomes in DCs transfected with actin-GFP. In agreement with previous work in osteoclasts(9), we observed continuous 
actin turnover within the podosome core (Fig. 2, C and D; and Video 2). Note that the FRAP recovery curve is surprisingly linear compared to conventional FRAP curves, suggesting that actin is delivered to the core at a constant rate probably through 
polymerization at the base. Myosin IIA inhibition significantly slowed down actin-
GFP recovery (Fig. 2, C and D; and Video 3), indicating that myosin IIA-mediated contractility is essential for proper actin turnover within podosome cores. It should be noted that we did not monitor the recovery at longer time scales due to actin intensity level oscillations that interfered with the FRAP curve.
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Figure 2. Myosin IIA-mediated contractility essential for podosome core dynamics
A,B) Cells were transfected with Lifeact-GFP to visualize actin. Shown are the actin level variations over time of randomly selected podosomes in A) untreated control cells or B) cells treated for 30 min. with 20µM blebbistatin. Data are normalized to the average intensity. C) Stills from the FRAP time-lapse movies at 5s before, directly after and 70s after photobleaching for untreated and blebbistatin treated cells. The white circle indicates the FRAP region. D) FRAP analysis of actin-GFP within podosome cores without 
(solid) and with (dashed) blebbistatin. Curves represent the average fluorescence recovery for at least 10 podosomes in 5 different cells. FRAP data were background corrected and double normalized to correct for total bleaching of the image (see Material & Methods). E) Representative images of podosome cores, visualized by Texas Red conjugated phalloidin, in the control situation (left) and after 30 min. treatment with 20µM blebbistatin. F) Median ± interquartile range of the actin core intensity (left) and core area (right) for at least 800 podosomes per condition.
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The abrogated core oscillations combined with the residual actin turnover in blebbistatin-treated DCs led us to hypothesize that the actin content at podosome cores should increase upon myosin IIA inhibition. Because single-cell live imaging 
does not provide sufficient statistics to test this hypothesis, we used a custom-written quantitative image analysis algorithm (Fig. S2) to calculate the core actin intensity of numerous podosomes, visualized by Texas Red-conjugated phalloidin, on multiple cells, which were left untreated or treated with blebbistatin. Indeed, we found that the measured intensity of the podosome cores is approximately 1.5 times higher after myosin IIA inhibition when compared to control cells (Fig. 2, E and F). 
The podosome core area did not significantly change (Fig. 2F), suggesting that the elevated intensity may be attributed to a higher actin density in podosome cores or an increased core volume.
Myosin IIA-Mediated Contractility Is not Essential for Podosome Ring IntegrityPodosome rings contain the adaptor proteins vinculin, talin, zyxin, and paxillin, which are also constituents of FAs. While myosin IIA-mediated contractility plays an essential role in the localization and recruitment of these proteins in FAs (13, 14), it is unclear whether similar mechanisms also operate in podosomes.First, to understand the role of myosin IIA-mediated contractility in preserving 
podosome ring integrity, we performed immunofluorescence stainings for vinculin, 
talin, zyxin and paxillin on fixed DCs with or without blebbistatin and observed that all four adaptor proteins remain present in podosome rings even after prolonged blebbistatin treatment (Fig. 3, A-D). By analyzing and comparing numerous individual podosomes, we found that vinculin and zyxin levels in podosome rings do 
not change, whereas talin and paxillin levels only slightly, but significantly, decrease (Fig. 3E). These results indicate that, in sharp contrast with FAs, myosin IIA-mediated contractility is not required for preserving podosome ring integrity.Next, to investigate whether myosin IIA-mediated contractility may be involved in the dynamic recruitment of individual ring components, we analyzed DCs transfected with GFP-tagged adaptor proteins by time-lapse confocal microscopy. Surprisingly, we found that, similarly to the cores, podosome rings exhibit periodic 
oscillations as indicated by fluorescence intensity fluctuations of GFP-tagged 
vinculin, zyxin and paxillin over time (Fig. 3F; and Video 4, 5 and 6). Moreover, 
the addition of blebbistatin completely abrogated these fluctuations (Fig. 3G; and Video 4, 5 and 6), indicating that myosin IIA-mediated contractility is essential for podosome ring oscillations.
110 | Chapter 5
Diffusion of Adaptor Proteins 
is Mostly Myosin IIA- 
IndependentWe subsequently examined the diffusion of individual ring components by performing FRAP analysis of GFP-tagged adaptor proteins in individual podosomes in the absence and presence of blebbistatin. In Figure 4 we show the average FRAP curves, the average mobile fraction, the fractional contribution of the slow and fast mobile sub-populations as well as their characteristic diffusion times (indicated as t1/2 recovery). In untreated cells, the mobile fractions of talin, 
vinculin, zyxin and paxillin were quite large (ranging from 0.83 ±0.21 for talin to 
0.94 ± 0.09 for zyxin), indicating that only a small portion of these molecules is 
stably bound in podosome rings. Bi-exponential fitting of individual FRAP curves revealed that both a fast and a slow diffusing population exist for all four adaptor proteins. The differences in contribution of the fast population (ranging from 0.23 
± 0.08 for talin to 0.36 ± 0.14 for paxillin) may in part be caused by expression 
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Figure 3. Myosin IIA-mediated 
contractility not essential for 
podosome ring integrityImmunolocalization of actin (red) with either (in green) A) vinculin, B) talin, C) zyxin and D) paxillin in untreated control cells (upper row) and cells treated for 30 min. with 20µM blebbistatin (lower row). Merged images are shown on the right. E) Levels of vinculin, zyxin, talin and paxillin were measured in at least 800 podosomes per condition. Data are normalized to the average intensity and blebbistatin-treated levels are expressed relative to control levels. Shown are the median (middle line) and the interquartile range (upper and lower 
whiskers). Significant differences are indicated with asterisks (p<0.05). F,G) Cells were transfected with vinculin-GFP or zyxin-GFP. Shown are the vinculin and zyxin level variations over time of randomly selected podosomes in F) untreated control cells or G) cells treated for 30 min. with 20µM blebbistatin. Data are normalized to the average intensity.
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Figure 4. Diffusion of adaptor proteins within podosome mostly myosin IIA-independent
A-D) Cells were transfected with GFP-tagged A) vinculin B) talin C) zyxin and D) paxillin and individual 
podosomes were subjected to FRAP. Shown are the average fluorescent recovery curves (first column) 
without (solid) and with (dashed) blebbistatin for at least 10 podosomes in 5 different cells. Mean ± SD of 
the mobile fractions is shown in the second column from the left. Individual FRAP curves were fitted with 
a two component association model and mean ± SD of the obtained fractional contributions of the slow 
and fast component are shown (third column from the left). Mean ± SD of the halftime recovery values for the slow (left axis) and fast (right axis) are shown in the fourth column. Error bars indicate the standard 
deviation and significant differences (p<0.05) are indicated with asterisks.
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level differences between GFP-tagged adaptor proteins, since the excess molecules will diffuse freely, and therefore faster, in the cytosol. The t1/2 recovery values for 
the fast population range from 0.92 ± 0.82 s for talin to 0.31 ± 0.08 s for vinculin. Comparing these t1/2 values with those obtained for vinculin and talin in adhesion-free areas of the cell (Fig. S3) again suggests that the fast mobile population observed by FRAP corresponds to the cytosolic fraction. Halftime recovery values for the slow population were distributed over a wide range, where talin exhibits the 
lowest (t1/2 recovery 17.1 ± 7.5 s) and zyxin the highest (t1/2 recovery 3.44 ± 1.64 s) exchange rate, indicating that the diffusion properties of the four adaptor proteins at podosomes are markedly different.In blebbistatin-treated cells, FRAP analysis of the GFP-tagged proteins revealed that the mobility of vinculin and talin is partially controlled by myosin IIA-mediated 
contractility (Fig. 4). Myosin IIA inhibition resulted in a decrease of 0.28 ± 0.23 and 
0.22 ± 0.25 of the mobile population of vinculin and talin, respectively, whereas the mobile populations of zyxin and paxillin were unchanged. Furthermore, no differences were observed in the contribution of the fast and slow population after blebbistatin treatment for all four adaptor proteins. More importantly, the characteristic diffusion 
times for the fast and slow populations were not significantly altered upon myosin IIA inhibition, indicating that myosin IIA-mediated contractility does not control the molecular exchange rates of the adaptor proteins within podosome rings.Together, these results indicate that the diffusion of vinculin, talin, zyxin and paxillin is mostly myosin IIA-independent, suggesting the existence of additional mechanisms that regulate the diffusion of adaptor proteins within podosome rings.
Actin Network Is Essential for Podosome Core Oscillations and Ring IntegrityThe actin network within the podosome cluster regulates core stiffness oscillations(12). Here, we investigated the role of this network in regulating podosome integrity and dynamics.First, we studied the contribution of the actin network in regulating podosome core integrity. In agreement with previous reports (12), the inhibition of actin polymerization with a low concentration of cytochalasin D (cytoD) resulted in the immediate disruption of the actin network, while podosome cores remained intact for a prolonged period of time (Fig. 5A). Surprisingly, even after 20 min of cytoD treatment 40%of the cells were found to bear podosomes (Fig. 5B). Moreover, 
quantification of actin intensity, visualized by Texas Red-conjugated phalloidin, 
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before and after cytoD treatment revealed that actin levels in the core were only 
slightly, albeit significantly, lower (Fig. 5C). Together, these results indicate that cytoD treatment severely affected the integrity of the actin network rather than the actin cores.We then examined the effect of actin polymerization inhibition on the core 
dynamics. We first studied core actin turnover and observed that, as expected, cytoD 
treatment almost completely inhibited actin turnover within the core (Fig. 5D; and Video 7). We subsequently investigated actin core oscillations, and found that 
Lifeact-GFP intensity fluctuations were completely abrogated directly after cytoD 
addition (Fig. 5E; and Video 8), indicating that podosome actin core oscillations critically depend on proper actin polymerization.
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A C
Figure 5. Cytochalasin D selectively disrupts actin network while leaving podosome cores intact
A) Cells were seeded on glass coverslips and stimulated for 20 min. with 2.5µg/ml cytoD. Cells were 
subsequently fixed and stained for Texas Red conjugated phalloidin to visualize actin. Representative images are shown. B) Quantification of cells bearing podosomes after cytoD stimulation. C) Median ± interquartile range of the actin core intensity for at least 800 podosomes per condition. D) Cells were transfected with actin-GFP and individual podosomes were subjected to FRAP. Shown are the average FRAP curves of podosomes in untreated control cells and after treatment with cytoD. E) Actin levels, visualized by Lifeact-RFP, in time of randomly selected podosome cores. The arrow indicates the time 
point of cytoD stimulation. Data are normalized to the average intensity. Significant differences (p<0.05) are indicated by asterisks.
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To investigate the role of the actin network in regulating podosome ring integrity, we 
performed immunofluorescence staining for vinculin, talin, zyxin and paxillin in adherent DCs at different time points after 
cytoD treatment and calculated their fluorescence intensity levels from numerous podosomes on multiple cells. Strikingly, we found that podosome ring integrity was severely compromised after disruption of the actin network. Addition of cytoD resulted in the immediate disappearance of vinculin and paxillin from the rings (Fig. 
6; A, D and E). Furthermore, although talin levels remained stable for a prolonged 
period of time, they significantly decreased after 20 min of cytoD treatment (Fig. 6, B and E). While the levels of zyxin remained constant (Fig. 6, C and E), FRAP analysis of GFP-tagged zyxin before and after inhibition of actin polymerization revealed that after the disruption of the actin network the slow fraction of zyxin became totally immobile (Fig. S4), indicating that zyxin diffusion within podosome rings exclusively depends on actin polymerization. These data clearly demonstrate that the actin network within the podosome cluster is essential for podosome ring integrity most likely providing the tension necessary to recruit and retain the adaptor proteins at podosome rings.
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C
E
Figure 6. Actin network essential for 
podosome ring integrity
A-D) Immunolocalization of actin (red) with either (in green) A) vinculin, B) talin, C) zyxin and D) paxillin in untreated control cells (upper row) and cells treated for 2 min. (middle row) or 20 min. with cytoD (lower row). Merged images are shown on the right. E) Levels of vinculin, zyxin, talin and paxillin were measured in at least 800 podosomes per condition. Data are normalized to the average intensity and cytoD-treated levels are expressed relative to control levels. Shown are the median (middle line) and the interquartile range (upper and lower 
whiskers). Significant differences are indicated with asterisks (p<0.05).
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Podosome Core Growth Drives Vinculin and Zyxin RecruitmentWe showed above that podosome ring integrity is mainly regulated by the actin network. Therefore, we hypothesized that podosome core growth stretches the actin network, driving the recruitment of tension-sensitive podosome ring components. 
To test this hypothesis, we simultaneously monitored the fluorescent intensity 
fluctuations of both Lifeact-RFP and each GFP-tagged adaptor protein in time for many 
individual podosomes. Subsequently, the fluctuations were correlated, and a linear as 
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Figure 7. Podosome core growth drives the recruitment of vinculin and zyxinCells were cotransfected with Lifeact-RFP and GFP-tagged adaptor proteins. Cells were imaged for 25 
minutes and core and ring fluctuations were correlated for A) vinculin, B) talin, C) zyxin, and D) paxillin. 
E) Adaptor protein levels and actin levels were correlated for at least 65 podosomes for 25 minutes. Shown 
are the linear fit for zyxin and vinculin and the nonlinear fit for paxillin and talin. Data were normalized to the average intensity. F) Cells were cotransfected with Lifeact-RFP and vinculin-GFP, seeded on coverslips 
and fixed after 16 hours. 100nm image stacks of the podosome core were taken by confocal microscopy 
and one widefield image of the vinculin ring. Podosome core height was calculated using the intensity 
profile of the Lifeact-RFP stack image. Subsequently, podosome height was correlated with the vinculin ring intensity for at least 500 podosomes in 5 different cells. Shown are an overview of the analysis we performed (left) and a graph plotting the individual data points as well as the median (middle line) and the interquartile range (lower and upper whiskers) (right).
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well as a nonlinear fitting analysis was performed to determine the behaviour of the adaptor proteins. The intensity correlations of a single randomly chosen podosome for each of the adaptor proteins are displayed in Fig. 7A-D. We found that within a 
single podosome, vinculin and zyxin levels fluctuate in complete concert with core 
actin levels (Fig. 7, A and C), whereas paxillin and talin intensity fluctuations are less 
correlated (Fig. 7, B and D). Combined analysis of numerous podosomes confirms that the levels of the four adaptor proteins differentially correlate with core actin levels (Fig. S5A). Fitting analysis as summarized in Suppl. Table S1 and Fig. 7E shows almost identical linear correlation values for vinculin (slope=0.82 with r=0.91) and 
zyxin (slope=0.85 with r=0.95), whereas no reliable fitting values were obtained for 
a nonlinear correlation. For talin and paxillin, reliable fitting values for a linear as well as a nonlinear correlation were obtained. However, for both proteins we found a higher R-squared value for the nonlinear correlation clearly indicating a nonlinear behaviour for paxillin and talin. These results clearly indicate that talin and paxillin levels only increase when core actin levels are relatively low, suggesting that these proteins are not controlled by actin-mediated tension. By contrast, vinculin and zyxin levels increased simultaneously with actin levels throughout the observed range of podosome core growth, suggesting that tension-mediated mechanisms continuously control their recruitment to podosome rings.
To better define the nature of the concerted fluctuations of vinculin in the ring and actin in the core, we cotransfected DCs with Lifeact-RFP and vinculin-GFP, allowed 
them to adhere and fixed them prior to confocal microscopy analysis. Whereas vinculin intensity did not correlate with the podosome core area (Suppl. Fig. S5B), a clear correlation between vinculin levels and podosome height was observed (Fig. 7F). This clearly suggests that the longitudinal growth of the podosome core induces 
actin network stretch, which then directly and specifically drives the recruitment of tension-sensitive ring components.
DiscussionIn this study, we unravelled the relative contribution of myosin IIA and the actin 
network to the regulation of podosome integrity and dynamics. More specifically, we demonstrated that 1) myosin IIA is essential for podosome core and ring oscillations 
but not for their integrity; 2) in sharp contrast to FAs, the diffusion of the adaptor 
proteins within podosome rings is mostly myosin IIA-independent; 3) actin network stretch induced by podosome core growth drives adaptor protein recruitment to the rings. Our work accentuates the importance of the actin network as an essential 
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infrastructure to functionally link podosome core and ring and preserve ring integrity.Human primary DCs represent an excellent cell system to compare and contrast podosomes and FAs, as these cells spontaneously form both adhesive structures at the same time. Interestingly, concentrations of blebbistatin (20µM) that were 
sufficient to quickly disassemble FAs did not have any effect on the number of podosome bearing cells. In fact, actin as well as vinculin, talin, zyxin and paxillin still localized to podosomes in cells treated with blebbistatin. Blebbistatin is a small 
molecule inhibitor with high affinity and selectivity for myosin IIA and IIB (18). We have shown before that only myosin IIA is expressed by human monocyte-derived iDCs (11). Myosin IIA plays an important role in actomyosin contractility but also possesses motor activity (19). Previous reports have shown that blebbistatin concentrations much higher than those used in the present study led to podosome loss, which was attributed to reduced myosin motor activity (10). Furthermore, a 
study specifically investigating the motor activity of myosin IIA demonstrated that 
only concentrations higher than 30 µM blebbistatin were sufficient to inhibit myosin motor activity (20). Here, we propose that low blebbistatin concentrations (20µM) 
primarily inhibit myosin IIA-mediated contractility, which is sufficient to induce rapid FA disassembly, but does not inhibit myosin motor activity and therefore does not induce podosome dissolution (10).We have previously shown that increased myosin IIA activity, induced by PGE2, causes rapid global dissolution of podosomes in DCs (11). Labernadie et al. recently showed that myosin IIA activity is essential for periodic core stiffness oscillations of protruding podosomes (12). Furthermore, inhibition of myosin IIA activity has been reported to reduce the length of podosome protrusions in DCs 
(3). Our finding that myosin IIA-mediated contractility is essential for podosome core oscillations further extends those studies, demonstrating that podosome core dynamics is tightly controlled by myosin IIA activity: while low myosin IIA activity renders podosomes static and nonprotrusive, enhanced myosin IIA activity causes 
podosome dissolution. More importantly, we here showed for the first time that besides core oscillations, podosome ring oscillations also exist and depend on myosin IIA-mediated contractility, indicating that podosome core and ring dynamics are coupled. Although it is still unclear how myosin IIA controls podosome oscillations, we here propose that by controlling core actin turnover (Fig. 2, C and D), myosin IIA contributes to actin core oscillations. Furthermore, since myosin IIA is totally excluded from the podosome core but localizes to the actin network, it could induce 
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podosome core oscillations by generating contractile forces within this network (Fig. 8).Vinculin, talin, zyxin and paxillin are continuously exchanged within podosome rings, albeit with markedly different diffusion properties. We found relatively low molecular exchange rates for vinculin and talin and a relatively rapid exchange for paxillin and talin. Interestingly, the steady state t1/2 recovery values of vinculin, paxillin and zyxin found in this study for podosomes are remarkably similar to recovery values reported for FAs (14). At FAs, it has been shown that talin and vinculin stabilize the integrin linkage to the cytoskeleton, whereas paxillin and zyxin regulate the recruitment of signalling molecules to FAs (13, 21, 22). Our data clearly imply that the adaptor proteins exert these functions in podosomes as well. Yet, while the diffusion of adaptor proteins at FAs is dependent on myosin IIA-mediated contractility (13, 14), we here demonstrated that the diffusion properties of all four adaptor proteins at podosomes are almost unaffected after inhibition of myosin IIA-mediated contractility. Only a small fraction of vinculin and talin became immobile after myosin IIA inhibition, which most likely results from the absence of podosome oscillations and subsequent immobilization of a pool of vinculin and talin. Collectively, our results suggest that, although the basic molecular interactions between vinculin, talin, paxillin and zyxin are similar for podosomes as well as FAs, 
the underlying mechanisms regulating the diffusion within each specific adhesion structure are clearly different. Moreover, these data indicate that the diffusion of the adaptor proteins and their oscillations are regulated by two independent mechanisms. While myosin IIA-mediated contractility is essential for oscillations in the levels of the adaptor proteins, their diffusion appears to be controlled by myosin IIA-independent mechanisms.We demonstrated here that the actin network plays an essential role in the integrity and dynamics of both podosome core and ring. This network was initially described by Destaing and colleagues who noticed a diffuse actin staining that colocalized with podosome rings and therefore named it the actin ‘cloud’ (9). Later, 
by correlated high resolution SEM/fluorescence microscopy it was confirmed that the observed actin ‘cloud’ corresponds to an actin network between the podosome 
cores (23). Recently, it has been shown that integrin-deficient osteoclasts are unable to form the network, suggesting that integrins or adaptor proteins in podosome rings associate with this network (24). Our work clearly demonstrates that the actin network is indeed associated with the adaptor proteins, thereby serving as a functional link between podosome core and ring.
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By correlating adaptor protein levels with core actin levels, we found that vinculin 
and zyxin levels fluctuate in concert with actin levels. Instead, paxillin and talin levels only increase with actin levels that are relatively low (i.e. in small or nascent podosomes) and do not increase any longer when the actin within the podosome core reaches a critical level. These results indicate that the growth (i.e. height) of the podosome core differentially regulates the recruitment of the adaptor proteins, as if 
podosome growth resembles FA assembly. Combined with the finding that the actin network is essential for podosome ring integrity, our results put forward the idea that the actin network acts as a myosin-independent tension transmission system within the podosome cluster that is essential to recruit and retain adaptor proteins within podosome rings.Altogether, we herein propose a model that delineates the relative contribution of actin network stretch and myosin IIA-mediated contractility and provides a functional link between core and ring dynamics of existing podosomes (Fig. 8). 
Figure 8. Schematic model depicting the interplay of actin-mediated stretch and myosin IIA-
mediated contractility at podosomesIn the case of small podosome cores, the tension-insensitive molecules paxillin and talin are already present at their maximum level. At this stage, the levels of vinculin and zyxin are relatively low since the tension on the actin network is relatively low. As podosomes grow by actin core polymerization at the base, the actin network is stretched, generating tension that further drives the recruitment of the mechanosensitive proteins vinculin and zyxin to reinforce the podosome and facilitate its protrusive activity. Myosin IIA contraction within the actin network is essential for podosome oscillations and therefore also for its protrusive activity.
PROTRUSION
Van den Dries et al. Figure 7
Actin network stretch
My
os
in 
IIA
-m
ed
iat
ed
 co
ntr
ac
tili
ty
Oscillations
Paxillin Integrin
Zyxin
TalinVinculin
Actin
Myosin IIA
Stretched talinStretched vinculin
Ring Core CoreRing Ring Ring
Small/shrinking core Tall/growing core
Tension insensitive talin and paxillin
are present at their maximum level, while
vinculin and zyxin levels are relatively low. 
Podosome core induces actin network stretch, driving 
the recruitment of tension sensitive vinculin and zyxin. 
Myosin IIA is present within the network and its 
contractility is essential for podosome oscillations.  
120 | Chapter 5
In the case of small podosome cores, the tension-insensitive molecules paxillin and talin are already present at their maximum level. At this stage, the levels of vinculin and zyxin are relatively low since the tension on the actin network is still low. As podosomes vertically grow by actin polymerization at the base of the core, the actin network is stretched and generates tension, thereby further driving the recruitment of the tension-sensitive vinculin and zyxin to reinforce the podosome 
and facilitate its protrusive activity. Myosin IIA cross-links the actin filaments within the actin network and generates the contractility that is essential for podosome core oscillations. Consequently, since core and ring oscillations are coupled by the actin network, myosin IIA is also essential for ring oscillations. Thus, we hypothesize that actin polymerization at the core combined with myosin IIA contractility in the actin network drives the oscillations, and therefore also the protrusive activity, of podosomes. An alternative explanation for the differential correlation of the four adaptor proteins in the ring with the actin levels in the core is that vinculin and zyxin could bind to the actin that is more distant from the ventral membrane, whereas paxillin and talin can only bind to actin close to the plasma membrane. However, using iPALM microscopy it has recently been shown that all four adaptor proteins bind within a very short range (80 nm) from the plasma membrane at FAs (25), which is most likely also the case for podosomes. Podosome cores can grow as tall as 600 nm (12), which is thus far out of the range where vinculin and zyxin are expected to reside. It is therefore very unlikely that the variable actin binding distance from the membrane between the cytoskeletal adaptor proteins can explain the linear correlation of vinculin and zyxin along the complete range of podosome growth. Future work using super-resolution microscopy should be directed towards determining the nanoscale architecture of the podosome core and ring, thereby gaining further mechanistic and molecular insights into the protrusive behaviour of podosomes.In summary, our study highlights the central role of the actin network in orchestrating podosome core and ring dynamics and emphasizes the plasticity of the actomyosin apparatus in engineering adhesion structures with similar molecular components but distinct characteristics and function.
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Supplementary Figures
Cells were seeded on glass coverslips and left to adhere for 3 hrs. Cells were 
subsequently fixed and stained with Texas 
Red-conjugated phalloidin and specific antibodies to visualize actin and the FA markers A) vinculin, B) talin, C) zyxin and 
D) paxillin, respectively. For every marker, two regions containing multiple FAs are 
magnified to show the presence of all four markers.
Figure S1. DCs spontaneously form 
numerous bona fide FAs 
A Actin Vinculin Merged 
B Actin Talin Merged 
C Actin Zyxin Merged 
D Actin Paxillin Merged 
Figure S1. DCs spontaneously form numerous bona fide FAs Cells were seeded on glass 
coverslips and left to adhere for 3 hrs. Cells were subsequently fixed and stained with 
Texas Red-conjugated phalloidin and specific antibodies to visualize actin and the FA 
markers A) vinculin, B) talin, C) zyxin and D) paxillin, respectively.  For every marker, two 
regions containing multiple FAs are magnified to show the presence of all four markers. 
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Actin Vinculin 
1. Custom written algorithm 
to detect podosome cores 
within phalloidin image 
(Turquoise areas) 
2. Reduce and enlarge 
selected areas to detect 
podosome ring (Area 
between yellow rings) 
Figure S2. Overview of image analysis Cells were seeded onto glass coverslips, fixed 
and subsequently stained with Texas Red-conjugated phalloidin and a monoclonal 
vinculin antibody to visualize actin and vinculin, respectively. A custom written 
algorithm wich exploits local and global intensity thresholding was used to detect the 
podosome cores within the phalloidin image. This area (here indicated in turquoise) was 
used for the analysis in Figure 2F and 5C. Thereafter, the original area was eroded by 1 
pixel and dilated by 2 pixels (indicated by two yellow lines). The area in between the 
two yellow lines delineates the ring area and was used for  the intensity analysis in 
Figure 3E and 6E.  
Cells were seeded onto glass coverslips, fixed and subsequently stained with Texas Red-conjugated phalloidin and a monoclonal vinculin antibody to visualize actin and vinculin, respectively. A custom written algorithm wich exploits local and global intensity thresholding was used to detect the podosome cores within the phalloidin image. This area (here indicated in turquoise) was used for the analysis in Figure 2F and 5C. T reafter, the original area was eroded b  1 pixel and dilated by 2 pixels (indicated by two yellow lines). The area in between the two yellow lines delineates the ring area and was used for the intensity analysis in Figure 3E and 6E.
Figure S2. Overview of image analysis 
Cells were transfected with either vinculin-GFP or talin-GFP and adhesion 
free areas were subjected to FRAP. FRAP recovery curves were fitted with 
a monoexponential fit and halftime recovery values were calculated from 
the characteristic diffusion time. Shown are the mean ± SD for the halftime recovery values. The values displayed here correspond nicely to the values for the fast populations in the FRAP of individual podosomes.
Figure S3. Vinculin and talin diffusion in the cytosol
Cells were transfected with zyxin-GFP and individual podosomes were subjected to FRAP. Shown are the average 
fluorescence recovery curves for at least 10 podosomes in 5 different cells. While the unbound, fast fraction still of zyxin still recovers, no recovery is observed of the bound fraction.
Figure S4. Bound fraction of zyxin is completely static after 
inhibition of actin polymerization
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Figure S4. Bound fraction of zyxin is  completely static after inhibition of actin 
polymerization Cells were transfected with zyxin-GFP and individual podosomes were 
subjected to FRAP. Shown are the average  fluorescence recovery curves for at least 10 
podosomes in 5 different cells. While the unbound, fast fraction still of zyxin still 
recovers, no recovery is observed of the bound fraction. 
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Figure S3. Vinculin and talin diffusion in the cytosol Cells were transfected with either 
vinculin-GFP or talin-GFP and adhesion free areas were subjected to FRAP. FRAP 
recovery curves were fitted with a monoexponential fit and halftime recovery values 
were calculated from the characteristic diffusion time. Shown are the mean ± SD for the 
halftime recovery values. The values displayed here correspond nicely to the valu  for 
the fast populations in the FRAP of individual podosomes. 
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Figure S4. Bound fraction of zyxin is  completely static after inhibition of actin 
polymerization Cells were transfected with zyxin-GFP and individual podosomes were 
subjected to FRAP. Shown are the average  fluorescence recovery curves for at least 10 
podosomes in 5 different cells. While the unbound, fast fraction still of zyxin still 
recovers, no recovery is observed of the bound fraction. 
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Figure S3. Vinculin and talin diffusion in the cytosol Cells were transfected with either 
vinculin-GFP or talin-GFP and adhesion free areas were subjected to FRAP. FRAP 
recovery curves were fitted with a monoexponential fit and halftime recovery values 
were calculated from the characteristic diffusion time. Shown are the mean ± SD for the 
halftime recovery values. The values displayed here correspond nicely to the values for 
the fast populations in the FRAP of individual podosomes. 
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A) Total datasets for the correlation between vinculin, talin, zyxin and paxillin levels in the podosome ring and the actin levels in the core. Data were normalized to the average intensity. B) Cells were cotransfected with Lifeact-RFP and vinculin-
GFP, seeded on coverslips and fixed after 16 hours. Images of double positive cells were collected and the average vinculin intensity was correlated with the podosome core area. Subsequently, podosome area was calculated, binned and correlated with the vinculin ring intensity for at least 500 podosomes in 5 different cells. It has to be noted that this analysis was performed on the same podosomes as shown in Figure 6E. Both datasets are linearly normalized between the minimum and maximum value.
Figure S5. Adaptor proteins levels 
differentially correlate with actin core 
levels
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Figure S5. Adaptor proteins levels differentially correlate with actin core levels A) 
Total datasets for the correlation between vinculin, talin, zyxin and paxillin levels in the 
podosome ring and the actin levels in the core. Data were normalized to the average 
intensity. B) Cells were cotransfected with Lifeact-RFP and vinculin-GFP, seeded on 
coverslips and fixed after 16 hours. Images of double positive cells were collected and 
the average vinculin intensity was correlated with the podosome core area. 
Subsequently, podosome area was calculated, binned and correlated with the vinculin 
ring intensity for at least 500 podosomes in 5 different cells. It has to be noted that this 
analysis was performed on the same podosomes as shown in Figure 6E. Both datasets 
are linearly normalized between the minimum and maximum value. 
A 
B 
Linear fit  
  Vinculin Talin Zyxin Paxillin 
Slope 0.818 0.2928 0.8512 0.3239 
Range 0.8052 - 0.8307 0.2797 - 0.3058 0.8426 - 0.8597 0.3128 - 0.3351 
R-squared 0.8338 0.3068 0.8971 0.4239 
One phase decay fit 
  Vinculin Talin Zyxin Paxillin 
Plateau ≈ 12.30 1.735 ≈ 73.00 1.263 
Range (Very wide) 1.482 - 1.988 (Very wide) 1.228 - 1.297 
R-squared 0.8339 0.3115 0.8971 0.46 
Table S1. Fitting parameters of the correlation between the levels of the four adaptor 
proteins and actin within podosomes 
126 | Chapter 5


Koen van den Dries
Samantha L. Schwartz
Jason M. Byars
Diane S. Lidke
Carl G. Figdor
Keith A. Lidke
Alessandra Cambi
Submitted
Chapter 6
Dual Colour Super-Resolution 
Microscopy Reveals Podosome 
Ultrastructure
Podosomes are highly dynamic circular structures comprising a protrusive actin core and an adhesive integrin ring that also contains adaptor proteins, such as vinculin and talin. Although it is known that core and ring are molecularly and mechanically linked, detailed knowledge on the ultrastructural architecture of podosomes is lacking, and a mechanistic understanding of podosome adhesive and protrusive behaviour therefore remains elusive. Here, we exploited direct stochastic optical reconstruction microscopy (dSTORM) to determine the 
nanoscale localization of F-actin, αMβ2 integrin, talin and vinculin in podosome rich areas at the ventral plasma membrane of antigen-presenting dendritic cells 
(DCs). We find that podosome clusters comprise dozens of actin-dense cores 
that are tightly organized by F-actin filaments that radiate from and interconnect individual podosome cores within the cluster. Moreover, we demonstrate that foci 
of αMβ2 and talin are homogeneously distributed within the podosome cluster, but completely excluded from the podosome core areas. Interestingly, vinculin 
is specifically localized within foci that are within close vicinity of the podosome 
core or that colocalize with the radiating filaments of the F-actin network. Our results demonstrate that the actin pillars of protrusive podosome cores are guy-
roped by vinculin-enforced F-actin fibres that are anchored to the membrane by a scaffold of integrin-bound talin. The nanoscale architecture presented here calls 
for a revisitation of the standard podosome model as well-defined core and ring structures. Furthermore, it emphasizes the plasticity of the actomyosin apparatus in engineering cellular structures with similar molecular components but distinct characteristics and function.
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IntroductionCell-cell and cell-extracellular matrix (ECM) interactions are tightly coordinated by supramolecular assemblies that form at the cellular plasma membrane. These assemblies often comprise hundreds of highly specialized proteins that exert many different functions including adhesion, signal transduction, force transmission and even gene expression and cell differentiation. Well-known cell- ECM interfaces include focal adhesions (FAs), which are continuously assembled and disassembled by cells that migrate along or within the ECM (1). Cells that are specialized in crossing cellular boundaries and basement membranes also form other types of adhesions such as invadopodia or podosomes, two closely related structures that are involved in adhesion to, protrusion in and degradation of the underlying extracellular matrix (2). Currently, a major challenge is to unravel the ultrastructure of these cellular supramolecular assemblies to gain more insight into the cell-cell and cell-matrix interactions that govern many cellular functions.Podosomes are highly dynamic dot-shaped adhesion complexes of approximately one micron in size that are involved in matrix degradation and invasion (2, 3). They have been observed at the contact area between the ECM and cells of the myeloid origin, including osteoclasts, monocytes, macrophages and dendritic cells (DCs) (4-7), and formation of podosomes at the cell-cell contact between leukocytes and endothelium has also been documented (8). Podosomes arrange into higher ordered structures, such as large clusters in macrophages and DCs or circular belts in osteoclasts (9-11). Although they share many components with related structures like FAs and invadopodia, podosomes have the unique feature of comprising two functional modules: a central actin core that is associated with protrusion into the underlying matrix and a ring of integrins and cytoskeletal adaptor proteins, such as talin and vinculin, which is associated with adhesion. Since detailed knowledge on the ultrastructural architecture of podosomes is lacking, a mechanistic understanding of how podosome adhesive and protrusive activities are regulated remains elusive.Podosomal architecture has so far been investigated mainly by conventional microscopy techniques. While confocal microscopy revealed the typical core and ring organization and composition (9, 12-15), transmission electron microscopy (TEM) of cell ultrathin sections showed that podosome cores are characterized by 
an electron dense dome-shaped area that is thought to reflect the highly dense actin cores (16, 17). Furthermore, by scanning electron microscopy (SEM), a network 
most likely comprising F-actin filaments was identified within podosome belts in osteoclasts (18, 19). However, although both SEM and TEM have nanoscale spatial 
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resolution, the extensive sample treatment is prone to artefacts and multiple labelling of proteins remains challenging. Recently, Bayesian localization microscopy revealed that the podosome rings are highly dynamic on a second timescale, but the extensive modelling and complex interpretation of the images renders this technique more suited for studying the temporal rather than the spatial organization of cellular structures (20).Direct stochastic optical reconstruction microscopy (dSTORM) belongs to the family of super-resolution optical techniques that exploits the sequential and stochastic readout of multiple emitters in a sample to achieve a lateral localization accuracy of typically 20 nm (21). The technique is based on the property of 
fluorophores to stochastically switch between a dark and a fluorescent state when illuminated with high laser power, which allows the localization of individual emitters. Here, we exploited dSTORM to determine the nanoscale organization of individual podosomes and podosome clusters in primary human monocyte-derived 
immature DCs. We determined the localization of actin, αMβ2 integrin, and the structural adaptor proteins talin and vinculin. Our results indicate that the proteins that are traditionally associated with the podosome ring are actually present 
within small foci that surround the podosome actin core. αMβ2, talin and vinculin differentially populate these foci dependent on their association with F-actin 
filaments that radiate from the podosome cores. Together, our results call for a re-evaluation of the current model of podosomes as structures comprising a core and ring module, rather supporting a model in which a central actin pillar is stabilized by 
actin filaments that are anchored to the plasma membrane by talin-bound integrin domains and also contain the traditional adaptor protein vinculin dependent on their association with the F-actin network. These novel structural insights represent a major step towards a better understanding of the functional organization of the adhesive and protrusive machinery of podosomes.
Material and Methods
Preparation of Human DCsDCs were generated from peripheral blood mononuclear cells (PBMCs) as described pre-viously (42, 43). Monocytes were derived either from buffy coats or from a leukapheresis product. Plastic-adherent monocytes were cultured in RPMI 1640 medium (Life Technolo-gies) supplemented with foetal bovine serum (FBS, Greiner Bio-one), 1mM Ultra-glutamine (BioWhittaker), antibiotics (100U/ml penicillin, 100 µg/ml streptomycin and 0.25 µg/ml amphotericin B, Gibco), IL-4 (500 U/ml), and GM-CSF (800 U/ml) in a humidified, 5% CO2 
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containing atmosphere.
Antibodies and ReagentsThe following antibodies were used: mouse antivinculin, mouse antitalin (Sigma-Aldrich) and mouse anti-alphaM integrin (clone Bear-1). Alexa Fluor 488-conjugated phalloidin was used to stain F-actin. The antibodies were conjugated with the amine reactive Alexa Fluor 647 car-boxylic acid, succinimidyl ester dye (Invitrogen). Final antibody:dye ratios varied between 1:1 to 1:2.
Labelling
Cells were seeded on uncoated glass coverslips, left to adhere for 4 hrs and fixed in 3.7% (w/v) formaldehyde in PBS for 10 min. Cells were permeabilized in 0.1% (v/v) Triton X-100 in PBS for 5 min and blocked with 2% (w/v) BSA in PBS. The cells were incubated with Al-exa Fluor 647-conjugated monoclonal antibodies for 60 min. For double labelling, cells were subsequently washed three times with PBS and incubated with Alexa Fluor 488-conjugated 
phalloidin for 15 min. Finally, the cells were washed five times with PBS and stored in PBS at 4 degrees Celsius until imaging. Cells were imaged in the presence of an oxygen scavenging system including 50 mM MEA (21) as a reducing agent.
Transfection and Live Cell ImagingTransient transfections were carried out with the Neon Transfection System (Invitrogen). Cells were washed with PBS and resuspended in 115 µl Resuspension Buffer per 0.5*106 cells. Subsequently, cells were mixed with 5 µg per 1*106 cells per transfection and electropor-ated. Directly after, cells were transferred to WillCo-dishes (WillCo Wells bv.) with prewarmed medium without antibiotics or serum. After 3 hours, medium was replaced by medium sup-plemented with 10% (v/v) FCS and antibiotics. Prior to live cell imaging, cells were washed 
with PBS and imaging was performed in RPMI without Phenol red to avoid autofluorescence. Transiently transfected cells were imaged on a Zeiss LSM 510 microscope equipped with a PlanApochromatic 63x/1.4 NA oil immersion objective. The samples were excited with a 488 nm (GFP) Argon laser and images were acquired every 15 s at 37 degrees Celsius.
Super-Resolution ImagingdSTORM imaging was performed using an inverted microscope (IX71, Olympus America Inc.), equipped with an oil-immersion objective 1.45 NA TIRF objective (U-APO 150x NA 1.45, Ol-ympus America Inc.). A 635 diode laser (Radius 635, Coherent Inc.) was used for Alexa647 excitation and a 488 diode laser (Newport/Spectra-Physics) was used for Alexa488. A Bright-
Line full-multiband laser filter set was used for sample illumination and emission. Emission light was then separated onto different quadrants of an electron multiplying CCD camera Ixon (897, Andor Technologies PLC.) using a QuadView imaging system (Photometrics) with ad-
ditional emission filter (692/40, Semrock) and (525/30). The EM CCD gain was set to ≈ 200 and frames were 256 × 256 pixels with a pixel size of 0.106 μm. Images were acquired with 
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100ms exposure and collected over 10,000-20,000 frames.The sample chamber was mounted in a 3D piezostage (Nano-LPS, Mad City Labs). Sample drift was corrected for throughout the imaging procedure using a custom built stage stabiliza-tion routine. Before data acquisition, a reference bead, 0.2um (Invitrogen, 535/575) or a ‘Gi-
ant’ quantum dot (provided by J. Hollingsworth, Los Alamos NL, Chen et al.  J. Am. Chem. Soc., 2008) was found using the MCL nano-positioning stage, and the location of the bead relative to the imaging frame was recorded. After each acquisition of 1000 frames, the stage returned 
to the recorded bead position and an updated bead position was determined by fitting the bead position along X-Y and Z. The updated bead location along the z-plane was determined by scanning a distance of 250nm above and below the current plane in 10 sequential steps, 
fitting a 2-D Gaussian distribution to the intensity distribution at each plane, and then fitting 
a curve of the fit PSF sigma values at each plane to find the z plane for which the PSF sigma is 
minimized. The updated x-y position of the bead was then found by fitting the centre of the 2-dimensional Gaussian at the frame closest to the updated z position. 
Image Reconstruction and Data AnalysisdSTORM images were analyzed and reconstructed with custom built Matlab functions as de-
scribed previously (25, 44). Briefly, for each image frame, subregions were selected based on 
local maximum intensity. Each subregion was then fit to a pixelated Gaussian intensity distri-bution using a maximum likelihood estimator. Fitted results were rejected based on Cramer 
Rao Lower Bound values for each parameter fit, as well as intensity and background cutoffs. 
Multifluorophore analysis was used for fitting of the Alexa488 phalloidin images, as the duty-cycle of A488 and high density of labelled actin resulted in an active density no successfully 
fit with a single emitter model. 
Two–Color Imaging and Image AlignmentDual color image acquisitions were performed by imaging Alexa647 and Alexa488 sequen-
tially. Alexa647 was imaged first to prevent photobleaching, followed by Alexa488. The same bead was used for both channel stabilizations. The extended imaging time needed for the full 2-color acquisition necessitated use of the ‘Giant’ qdots for the stabilization because they were found most resistant to photobleaching. To correct for shifts due to chromatic aberra-tions, both channels were aligned using multicolor beads (Tetraspek, Invitrogen). A locally-weighted transform between the channels across the image was determined as described in Single Molecule Techniques Chapter 4 (Churchman and Spudich). This transform was then 
used to convert fits from the Alexa488 channel onto the Alexa647 channel. Channel alignment was normally done both before and after image acquisition.
Podosome Core Parameter AnalysisPodosome cores were selected on the basis of intensity. Podosome perimeter and area 
were calculated with ImageJ 1.45b software. Podosome diameter was calculated using D=2*(sqrt(A/p)) where D is the diameter of the podosome core and A the area. Podosome 
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circularity was calculated using C=(4pA)/(P2) where C is the circularity, A is the area and P is the perimeter of the podosome core. Nearest neighbour distance (NND) was based on the po-
sition of the podosome core centre. Size value distributions were fitted with a single Gaussian or with a sum of two Gaussians using GraphPad Prism 5.03 for Windows software.
Results and Discussion
Differential Localization of Ring-Associated ProteinsTo understand the spatial localization of podosome ring components with respect to the core, we sought to determine the two dimensional localization of the 
integrin αMβ2, which is the predominant integrin at podosomes in DCs (9), and the adaptor proteins talin and vinculin with respect to actin. Therefore, we seeded DCs 
onto glass coverslips, let them adhere for 3 hrs and subsequently fixed and stained 
them with Texas Red-conjugated phalloidin and specific monoclonal antibodies to simultaneously visualize actin and a ring component, respectively. After collecting the images by confocal microscopy, we used a custom-written quantitative image analysis algorithm 
that identifies the podosome cores within the images and subsequently measures 
the fluorescence profile of 
each specific component at increasing distance from the actin core (Chapter 4). As depicted in Figure 1A-
D, αMβ2, talin and vinculin are all present in the ring and excluded from the core. 
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Figure 1. Differential distribution of αMβ2, talin and vinculin 
within podosome clusterImmunolocalization of actin with either A) αMβ2, B) talin and 
C) vinculin. D) A custom-written quantitative image analy-
sis algorithm was used to quantify the levels of αMβ2, talin and vinculin at increasing distances from the podosome core. The 
data are normalized to the maximum fluorescence intensity.
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However, while the intensity profiles of αMβ2 and talin display a gradual decay at increasing distances from the core, occupying the entire podosome cluster area as a ‘carpet’ in between the podosome cores, vinculin intensity sharply peaks very close to the core and quickly decays at increasing distances from the core. These 
results indicate that talin and αMβ2 are homogeneously distributed throughout the podosome cluster and suggest that these proteins together act as a scaffold for the recruitment of other interaction partners. Vinculin is a mechanosensitive molecule 
that is recruited by tension-mediated mechanisms (22). The specific localization of 
vinculin to the ring of podosomes suggests that tension is specifically created in the vicinity of the podosome core. Moreover, our results also suggest the existence of substructures within the podosome cluster that could be differentially populated by various components.
Podosome clusters comprise dense actin cores with radiating actin filamentsTo gain more insight into the localization of these molecules and the ultrastructure of podosomes, we performed dSTORM at sites of podosome clusters. This super-
resolution technique utilizes conventional stand-alone fluorophores that randomly 
switch between a dark and fluorescent state when illuminated at high laser power (21). First, we determined the nanoscale organization of F-actin, the most prominent component of the podosome cluster and widely used to identify podosomes in cells. 
Therefore, we stained adherent and fixed DCs with Alexa Fluor 488-conjugated 
phalloidin, which specifically binds to F-actin, and subsequently analyzed them by dSTORM (Fig. 2). The dSTORM localizations are represented by the sum of the 
Gaussian fits of the individual emitters. Similar to other super-resolution techniques such as PALM (23) or conventional STORM (24), dSTORM relies on the localization of well separated single emitter events. However, within podosome clusters, and especially within the podosome core, we found the emitter density to be extremely 
high, which would render the localization of individual fluorophores difficult. To 
be able to fit the high-density fluorophores within the podosome cores, we used a simultaneous multi-emitter detection method, recently developed by Huang and 
colleagues (25). While conventional, single-emitter fitting methods are limited to emitter densities of approximately 1 µm-2, this multi-emitter detection method allows the analysis of images with average active emitter densities up to 10 µm-2. 
Using this method, the number of accepted fits per image increased 4-5 fold in image 
series with a high emitter density. The multi-fitting algorithm therefore successfully resolved the dense actin structures within the podosome cluster with a much better 
performance than the single fit analysis (Fig. S1).
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As expected, actin was found to be highly localized within the dense podosome cores (Fig. 2A). By calculating the perimeter and diameter of these dense actin areas, we found podosome cores to be very heterogeneous (Fig. 2E, Fig. S2A). The core perimeter values spread between a minimum of about 600 nm to a maximum of 4 mm, while the minimum and maximum diameter value measured was about 
200 nm and 800 nm, respectively. By fitting the size value distributions with a bimodal Gaussian function, we found two populations for both parameters. Cross-
correlating these parameters revealed a significant positive correlation (Fig. S2B), indicating that the populations discriminated by podosome perimeter correlate to populations discriminated by podosome diameter and vice versa. The smaller 
podosome population had an average perimeter of 1.75 ± 0.71 µm and an average 
diameter of 303 ± 81.5 nm, whereas the larger podosome population had an average 
perimeter of 2.11 ± 0.19 µm and an average diameter of 549 ± 94.6 nm. Interestingly, 
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Figure 2. Podosome cluster comprise 
dense actin core that and an F-actin 
network
A) dSTORM image of clustered podosomes in DCs. B) Magnification of individual podosomes within a cluster to show the 
F-actin filaments that radiate from the podosome cores. C) Three dimensional projection of a dSTORM image that displays a central podosome core and radiating 
F-actin filaments. The upper right podosome in Figure 1B is used for this projection. 
D) Magnification of F-actin filaments that interconnect multiple podosomes. E-F) The podosome core perimeter (E) and circularity (F) were determined for approximately 700 individual podosomes. The distributions 
were fitted with a sum of two Gaussians formula using GraphPad Prism software. Shown are the frequency distributions 
and the fit of the data (solid line). The two individual Gaussians are also shown (dashed line). G) Correlation of the podosome core circularity and perimeter. H) The podosome nearest neighbour distance (NND) was determined using the centre of mass of over 700 individual podosomes. Shown are the 
frequency distribution and the Gaussian fit of the data (solid red line).
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we also found two different podosome populations based on circularity (Fig. 2F). 
Moreover, we observed a significant negative correlation between perimeter and circularity (Fig. 2G), indicating that the small podosomes are circular, whereas the large podosomes are more elongated. The observed heterogeneity of the core 
parameters presumably reflects the dynamic nature of podosomes. Whereas the continuous formation and dissolution within the cluster most likely represents the major determinant of the observed large range in core perimeter and diameter, the large, elongated population of podosomes could be ascribed to podosomes that 
were undergoing fusion or fission at the moment of sample fixation.Previous studies in osteoclasts and macrophages indicated the existence of a 
poorly defined actin cloud in between podosome cores (26, 27). The extremely bright signal originating from the dense actin core overruled the weaker signal coming from the actin cloud, thus preventing a detailed characterization of this region 
by conventional fluorescence microscopy. By dSTORM, we clearly distinguished 
a network of filamentous actin in between the podosomes, which appears very 
heterogeneous, containing filaments of different length and thickness. Typically, 5 
to 10 actin filaments with a thickness ranging between 0.1 and 0.2 µm radiate from 
single podosome cores (Fig. 2B-C). The length of the filaments ranges between 0.1 
and 0.8 µm with an average of 0.43 ± 0.19 µm. In addition, actin filaments apparently connecting two individual contiguous cores were often observed (Fig. 2D). These appeared to be much thicker (0.35 µm) suggesting that they are reinforced to provide stability to the two podosome cores they are connected to. Alternatively, 
these thicker filaments could be formed by multiple filaments so intimately bundled 
that they cannot be spatially resolved. Collectively, the actin filaments have been proposed to organize the podosome cores within the cluster (18, 19). To better characterize the organization of the podosome cores we calculated the nearest neighbour distance for more than 700 podosomes in multiple cells. We found that 
the distance between podosomes is typically 1 µm (1.02 ± 0.37 µm)(Fig. 2H), which 
is about two times the average length of the radiating actin filaments. Thus, the average inter-podosome distance seems to be directly correlated with the length of 
the actin filaments that radiate from the podosome cores, indicating that the F-actin network plays an important role in spacing the podosomes within the cluster.Altogether, our data indicate that, within DCs, the spatial organization of 
podosomes in large clusters is tightly regulated by a network of filamentous actin radiating from the cores and connecting neighbour podosomes with each other, most likely allowing transmission of mechanical stimuli among the podosomes 
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throughout a large cluster. The heterogeneity of both podosomes and the filamentous 
actin network probably reflects the highly dynamic nature of podosomes and future research should therefore be directed to investigate the podosome core and network dynamics at the nanoscale. Also, it remains to be established how the radiating 
filaments are connected to the podosome core at the molecular level.
Integrin αMβ2 and Talin Organize in Small Foci in Core-Free Areas within the 
Podosome Cluster
The αMβ2 integrin is the predominant adhesion receptor present in podosomes 
within DCs and its specific recruitment to podosomes has been shown to be essential for the binding of DCs to glass coverslips coated with its main counterreceptor 
ICAM-1 (9). Although αMβ2 is supposed to be localized at the podosome ring, its 
fluorescent signal appears pretty constant in areas between the podosome cores (Fig. 1A) and its spatial organization pattern within podosome clusters is still poorly 
defined. To determine the two dimensional localization of αMβ2 with respect to the actin core, we exploited dual colour dSTORM. Therefore, we performed double 
staining of actin and αMβ2 in adherent and fixed DCs and sequentially collected the image series for the two channels to reconstruct the dSTORM images. We found that 
αMβ2 organizes in nanodomains that are homogeneously distributed within the podosome cluster, but is completely excluded from the podosome core as indicated 
by the dark areas (Fig. 3A). Although αMβ2 appears more concentrated in the most proximal area around the podosome core, its intensity levels remain pretty high 
also in more distal areas from the core (Fig. 4G). Interestingly, αMβ2 nanodomains exhibit an apparent random distribution with respect to the actin core as well as 
the F-actin network (Fig. 3B), also indicated by the similar talin profiles in areas 
without (S3A, area 1) and with radiating F-actin filaments (Fig S3A, area 2). These 
results demonstrate that the overall αMβ2 distribution within the podosome cluster 
is not guided by the various actin arrangements. Besides αMβ2, b1 integrins have also been documented at sites of podosomes in DCs (13) and appear to have an 
organization similar to αMβ2 (Fig. S4), suggesting that integrins may provide the entire podosome cluster with a large and dense adhesive plaque to strongly connect the cell to the underlying substrate.Talin directly binds to integrins and is implicated in the initiation of adhesion formation, either by activating integrins or by binding to already activated integrins (28, 29). In contrast to integrins, talin has the ability to directly bind to F-actin and is therefore essential for the communication between the integrins and the actin 
Ch
ap
te
r
6
dSTORM Microscopy Reveals Podosome Ultrastructure | 139
cytoskeleton. Interestingly, dSTORM analysis showed that talin localization very 
much resembles αMβ2 localization. Foci of talin were homogeneously distributed within the podosome cluster, but completely excluded from the podosome cores (Fig. 3C). Talin concentrations were high in areas directly surrounding the podosome core and displayed a minor decrease at more distant sites from the core centre (Fig. 
4G). Moreover, we observed that also talin, like αMβ2, did not specifically colocalize 
with the F-actin filaments in the podosome cluster (Fig. 3D, Fig. S3B).Together, these results indicate that the podosome adhesive apparatus is not restricted to a small ring-like area directly surrounding the podosome core, but 
rather comprises the entire podosome cluster. Importantly, αMβ2 and talin are completely excluded from the protrusive podosome core areas, indicating that the adhesive and protrusive apparatus of podosomes are spatially well separated. 
Furthermore, we observed that αMβ2 and talin organize in small foci that are homogeneously distributed within the cluster. The spatial organization of these foci did not appear to be guided by the F-actin network or the podosome actin cores. 
However, it is likely that the foci that colocalize with the F-actin filaments connect to 
these filaments via adaptor proteins, whereas the other foci do not. The carpet-like 
organization of αMβ2 and talin could thereby function as a scaffold for the binding to other adaptor protein dependent on their association with the F-actin network. 
Moreover, the carpet could facilitate the formation of actin fibres and subsequent formation of new contiguous podosomes, which often occurs at the edge of the 
podosome cluster (Fig. S5). Expansion of the αMβ2-talin carpet provides a fast and 
efficient mechanism to coordinate the simultaneous formation of podosomes during cell migration and steering.
B Actin αMβ2 Merged A 
D C Actin Talin Merged 
A
C
Figure 3. αMβ2 and talin are 
localized in homogeneously 
distributed foci within the 
podosome cluster
A) dSTORM image of αMβ2 within the podosome cluster of DCs. B) Dual-colour dSTORM images of 
αMβ2 and F-actin. Shown are two representative podosomes within a cluster. C) dSTORM image of talin within the podosome cluster of DCs. 
D) Dual-colour dSTORM images of talin and F-actin. Shown are two representative podosomes within a cluster.
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A) Dual-colour dSTORM image of vinculin and F-actin within the podosome cluster of DCs. B) 
Magnification of two individual podosomes within the cluster to 
show the specific localization of vinculin close to the podosome core. C) Three dimensional projection of a dual-colour dSTORM image that displays a central core of F-actin surrounded by many vinculin foci. The lower image in Figure 4B is used for this projection. D) Magnification of two individual podosomes within the cluster to show the colocalization of the vinculin foci with the F-actin network. E) Three dimensional projection of a dual-colour dSTORM image to show to show the colocalization of vinculin foci with the F-actin network. The lower image in Figure 4D is used for this projection. F) Magnification of a single podosome. Shown are 
the fluorescence intensity profiles for actin (red) and vinculin (blue) at increasing distance from the 
podosome centre at a site with (1) and without (2) an F-actin filament. G) The fluorescence intensity was 
measured at increasing distances from the podosome core. Shown are the average intensity profiles of 
αMβ2 (black), talin (red) and vinculin (blue) measured for 10 individual podosomes.
Vinculin Localizes to the Direct Vicinity of Podosome Cores and at the F-Actin 
NetworkVinculin reinforces the link between the integrins and the actin cytoskeleton by binding to talin with its head domain and to actin with its tail domain (30). Vinculin is a mechanosensitive molecule that is recruited to adhesions upon stretching of talin (31-33). While vinculin recruitment to FAs is regulated by myosin IIA-mediated contractility (22, 34), we recently found that vinculin recruitment to podosomes is driven by F-actin network stretch induced by core actin polymerization (Chapter 5). To determine the nanoscale localization of vinculin with respect to podosome 
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actin, we used dual-colour dSTORM and found that in sharp contrast to αMβ2 and talin, vinculin molecules are not homogeneously distributed within the podosome cluster (Fig. 4A). In fact, vinculin is highly concentrated within the direct vicinity of the podosome core and its levels sharply decrease at increasing distances from the podosome core (Fig. 4B,C and G). Interestingly, the vinculin molecules that are more 
distant from the podosome core specifically colocalize with the F-actin filament network radiating from the cores (Fig. 4D,E). The steep decay in vinculin levels at 
increasing distances from the core was observed only at sites where actin filaments were absent (Fig. 4F, area 1). In contrast, vinculin levels decrease gradually at sites 
containing actin filaments radiating from the core (Fig. 4F, area 2), indicating that 
vinculin localization within the podosome cluster is specifically guided by the F-actin network. Together with the notion that vinculin recruitment to talin is tension-mediated (31-33), our results indicate that within the podosome cluster, tension is 
specifically generated close to the podosome core and along the radiating filaments of the F-actin network.
ConclusionsBy applying dual-color dSTORM on adherent human DCs, we here revealed the 
podosome ultrastructure , demonstrating that  a well-defined dense actin pillar (the 
core) is guy-roped by several radiating actin filaments that are reinforced by vinculin and anchored onto a layer of homogeneously distributed foci of integrin-bound talin. Since we did not observe a closed ring structure at the site of podosomes, 
our findings indicate that the standard model of podosomes as structures with a 
well defined protrusive core and adhesive ring is in fact incorrect. A model of the 
podosome architecture incorporating our findings by superresolution microscopy is depicted in Figure 5. Rather than a closed ring of integrins, the adhesive apparatus of podosomes consists of integrin nanodomains to which different cytoskeletal adaptor 
proteins are recruited dependent on their association with the actin filaments that radiate from and interconnect the protrusive podosome cores. Our model highlights the role of the actin network in organizing the podosome cluster as a mesoscale mechanosensing apparatus and emphasizes the impressive plasticity of actin and actin-binding proteins to ensure the assembly and function of cellular structures that are both adhesive and protrusive.Podosomes arrange into higher-ordered structures in many cell types, such as endothelial cells (35) and macrophages (36), but most notably in osteoclasts where they form tightly adhesive belts that constitute the sealing zone and facilitate 
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bone degradation (37). Our results suggest that also in DCs, the podosome cluster can be regarded as one functional zone dedicated to protrusion, adhesion and mechanotransduction. These different functions are exerted by a complex interplay 
between the three main substructures in the cluster; the actin pillars, the carpet-like integrin foci with the adaptor proteins and the F-actin network. Protrusion is mediated by the extremely dense podosome cores, most likely driven by continuous actin polymerization in the core and actomyosin contraction in the F-actin network (16, 
26)(Chapter 5). Adhesion on the other hand is mediated by αMβ2 foci that constitute 
a homogeneously distributed layer within the podosome cluster and are specifically 
excluded from the core. Importantly, the observed similar distribution of αMβ2 and talin within the podosome cluster suggest that the integrins are constitutively bound to talin and therefore ready to bind ligands on the extracellular face and recruit adaptor proteins from the cytoplasm (38). Similar to the belts in osteoclasts, this adhesive zone seems to be in extremely close contact with the underlying substrate, as indicated by the necessity to permeabilize DCs prior to the integrin staining with antibodies (data not shown). Finally, the actin network provides the molecular link between the actin pillar and the integrin-talin foci to transduce the forces that act on the podosome cluster. Podosome core growth stretches the radiating F-actin 
network filaments and induces the specific recruitment of the mechanosensitive 
protein vinculin to the integrin-talin foci that are associated with actin filaments. Thus, by dynamically adapting the levels of the mechanosensitive protein vinculin within the foci to the F-actin network stretch, the podosomal architecture facilitates a continuous feedback loop for the cell’s protrusive activity.
F
Tension No tension
Figure 5. Hypothetical model depicting the 
distribution of actin and ring-associated 
proteinsF-actin is present within the dense podosome 
core but also in filaments that radiate from the 
core. αMβ2 and talin are distributed in small foci that are homogeneously distributed within the podosome cluster. By contrast, vinculin is selectively localized in clusters that are in close vicinity with the podosome F-actin core 
or that colocalize with F-actin filaments that radiate from the core. We propose that tension is selectively generated within the foci that are associated with F-actin. This tension induces talin stretch and the subsequent recruitment of vinculin.
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Immature DCs reside in peripheral tissues in search for foreign material and exhibit a slow mesenchymal migration, which is characterized by tight interactions with the ECM and active, protease-mediated ECM degradation (39, 40). For cell migration in 3D collagen matrices, it has been shown that the protease activity is 
concentrated specifically at sites of high physical stress (41). Interestingly, we have shown before that podosome preferentially form at places with high physical stress (12), and the transmembrane matrix metalloprotease MT1-MMP has been found at the site of podosomes (14). These observations, combined with the podosome nanoarchitecture presented here, indicate that podosomes are structures extremely suited to sense and palpate their environment to facilitate mesenchymal migration. DCs could exploit their podosomes to tightly adhere to and gently push through 
the ECM. Moreover, upon encountering ECM fibres, pressure-induced protease activation induces the focalized pericellular proteolysis of the ECM to further allow the migration of immature DCs through peripheral tissues, searching for foreign material and pathogens. Future experiments combining high resolution imaging and 3D imaging setups will be needed to further elucidate the role of podosomes in regulating the mesenchymal migration of DCs.
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Supplementary Figures
Cells were seeded on glass coverslips and left to adhere for 3 hrs. Cells were subsequently fixed and stained with Alexa488-conjugated phalloidin. Subsequently, image series were acquired and analysed with a single emitter and multi-emitter detection method. Shown are two representative podosomes with the result from the single emitter detection on the left and the result from the multi-emitter dection on 
the right. The multi-fitting algorithm resolved the dense actin structures within the podosome cluster 
with a much better performance than the single fit analysis. Analysis of the single emitter images would lead to an underestimation of the podosome core perimeter and diameter.
Figure S1. Single emitter compared to multi-emitter detectionFigure S1. Single e itter compared to ulti-emitter detection Cells were seeded on 
glass coverslips and left to adhere for 3 hrs. C lls were sub equently fix d and stained 
with Alexa488-conjugated phalloidin. Subsequently, image series were acquired and 
analysed with a single emitter and multi-emitter detection method. Shown are two 
representative podosomes with the result from the single emitter detection on the left 
and the result from the multi-emitter dection on the right. The multi-fitting algorithm 
resolved the dense actin structures wit in the podosome cluster with a much better 
performance than the single fit analysis. Analysis of the single emitter images would 
lead to an underestimation of the podosome core perimeter and diameter. 
Single emitter detection Multi emitter detection 
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A) The podosome core diameter was determined for approximately 700 individual podosomes. The 
distribution was fitted with a sum of two Gaussians formula using GraphPad Prism software. Shown are 
the frequency distributions and the fit of the data (solid line). The two individual Gaussians are also shown (dashed line). B) Correlation of the podosome core diameter and perimeter.
Figure S2. Podosome core diameter and core diameter-perimeter correlation
Magnification of single podosomes. Shown are the fluorescence intensity profiles for actin (red) and vinculin (blue) for A) αMβ2 and B) talin at increasing distance from the podosome centre at a site with 
(1) and without (2) an F-actin filament.
Figure S3. αMβ2 and talin foci are randomly distributed within the podosome cluster
Figur S2. Podosome core iameter and core diameter-perimeter correl tion A) The 
podosome core diameter was determined for approximately 700 individual podosomes. 
The distribution was fitted with a sum of two Gaussians formula using GraphPad Prism 
software. Shown are the frequency distributions and the fit of the data (solid line). The 
two individual Gaussians are also shown (dashed line). B) Correlation of the podosome 
core diameter and perimeter.  
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Figure S3. αMβ2 and talin foci are randomly distributed within the podosome cluster 
Magnification of ingl  pod somes. S own ar  the fluorescence intensity profiles for 
actin (red) and vi culin (blue) for A) αMβ2 and B) talin at increasing distance from the 
podosome centre at a site with (1) and without (2) an F-actin filament.  
Figure S2. Podosome core diameter and core diameter-perimeter correlation A) The 
podosome core diameter was determined for approximately 700 individual podosomes. 
The distribution was fitted with a sum of two Gaussians formula using GraphPad Prism 
software. Shown are the fr quency distributions and the fit of the data (solid line). The 
two ind vidual Gaussians are also shown (dashed line). B) Correlation of the podosome 
core diameter and perimeter.  
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Immature DCs were seeded on glass coverslips, fixed and stained for Texas Red-conjugated phalloidin 
and a fluorescent β1 integrin antibody to visualize actin (red) and β1 integrin (green), respectively. 
β1 integrin displays a carpet-like distribution but, unlike αMβ2, is not specifically enriched within the podosome cluster.
Figure S4. Carpet-like distribution of β1 integrin within podosome cluster 
Figure S5. Simultaneous formation of new podosomes at the edge of podosome 
cluster DCs were transfected with Lifeact-GFP to visualize actin and seeded on Willco 
Wells for 24 hrs. Images were analyzed by time-lapse confocal microscopy using a Zeiss 
LSM510 laser-scanning confocal microscope. Frames were taken every 15 s for 25 min 
at 37 degrees Celsius. Shown are 4 stills  that show the coordinated formation of 
podosomes at the edge of a cluster. Roughly every 3 min a new group of podosomes is 
formed at the edge of this cluster in motion. 
0 min 3 min 6 min 9 min 
Actin β1 integrin Merged 
Figure S4. Carpet-like distribution of β1 integrin within podosome cluster Immature 
DCs were seeded on glass coverslips, fixed and stained for Texas Red-conjugated 
phalloidin and a fluorescent  β1 integrin antibody to visualize actin (red) and β1 integrin 
(green), respectively. β1 integrin displays a carpet-like distribution but, unlike αMβ2, is 
not specifically enriched within the podosome cluster.  
DCs were transfected with Lif act-GFP to visualize actin and seeded on Willco Wells for 24 hrs. Images were analyzed by time-lapse confocal microscopy using a Zeiss LSM510 laser-scanning confocal microscope. Frames were taken every 15 s for 25 min at 37 degrees Celsius. Shown are 4 stills that show the coordinated formation of podosomes at the edge of a cluster. Roughly every 3 min a new group of podosomes is formed at the edge of this cluster in motion.
Figure S5. Simultaneous formation of new podosomes at the edge of podosome cluster Figure S5. Simultaneous formation of new podosomes at the edge of podosome 
cluster DCs were transfected with Lifeact-GFP to visualize actin and seeded on Willco 
Wells for 24 hrs. Images were analyzed by time-lapse confocal microscopy using a Zeiss 
LSM510 laser scanning confocal roscope. Frames were taken every 15 s fo  25 mi  
at 37 degrees Celsius. Shown are 4 stills  that show the coordinated formation of 
podosomes at the edge of a cluster. Roughly every 3 min a new group of podosomes is 
formed at the edge of this cluster in motion. 
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Figure S4. Carpet-like distribution of β1 integrin within podosome cluster Immature 
DCs were seeded on glass coverslips, fixed and stained for Texas Red-conjugated 
phal oidin and a fluorescent  β1 integrin antibody to visualize actin (r d) and β1 i tegrin 
(green), respectively. β1 integrin displays a carpet-like distribution but, unlike αMβ2, is 
not specifically enriched within the podosome cluster.  
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Chapter 7
General Discussion &
Future Perspectives
Dendritic cells (DCs) are key regulators of both the innate and adaptive immune response. During their transformation from tissue-resident immature DCs to immunostimulatory mature DCs, they change their migration behaviour from a relatively slow ‘mesenchymal’ migration to a high speed ‘amoeboid’ migration. This change in migratory behaviour is accompanied by 
remarkable changes in the cell’s cytoskeleton; iDCs display two types of adhesion complexes, i.e. focal adhesions (FAs) and podosomes, that are completely absent in mDCs. While the role of FAs as adhesive and mechanosensitive structures is rather well established, the exact role of podosomes in cellular adhesion and migration has been heavily debated for the past decades. In this thesis, I have studied the mechanisms underlying podosome dissolution and distribution in DCs. Furthermore, I have applied several microscopy techniques to study the dynamics of podosomes and their individual components as well as the ultrastructure of these adhesion complexes. Collectively, my results demonstrate that podosomes are structures involved in mechanotransduction and extremely suited to sense and probe their environment to facilitate DC mesenchymal migration.
Podosome Dissolution and DC Maturation
During DC maturation, podosome dissolution is one of the first steps towards the acquisition of a highly migratory, amoeboid phenotype. Prostaglandin E2 (PGE2), a lipid metabolite derived from cyclooxygenase (COX)-catalyzed metabolism of arachidonic acid that induces rapid podosome dissolution in vitro (1). Similarly, the bacterial cell wall component lipopolysaccharide (LPS) also induces the dissolution of podosomes in DCs through TLR4 ligation, although this effect is much more delayed compared to PGE2-induced podosome loss. Interestingly, the addition of 
indomethacin, a specific COX inhibitor, inhibits this LPS-mediated podosome loss, supporting the notion that prostaglandins are indeed critical mediators for the TLR-mediated dissolution of podosomes.In chapter 2 we further investigated the regulation of podosome dissolution during DC maturation. We found that stimuli that induce podosome dissolution are also most potent inducers of a mature phenotype of DCs, suggesting that both phenomena are coupled. We demonstrated that only stimuli that are able to stimulate PGE2 production induce podosome dissolution and that podosome dissolution could be inhibited by the addition of indomethacin. PGE2 leads to the production of cAMP by DCs, which in turn causes the dissolution of podosomes through activation of the RhoA-Rho-kinase axis (2). Furthermore, it has been shown that PGE2, in combination 
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with TLR ligands, is also a very potent inducer of DC maturation (3, 4). PGE2 could therefore be one of the key molecules in the induction of both podosome dissolution and the acquisition of a mature phenotype, thereby coupling both processes.Another interesting possibility is that PGE2-mediated podosome loss directly regulates the maturation of DCs or, vice versa, that the presence of podosomes prevents full DC maturation. It is well-known that cellular adhesion has a major impact on cell differentiation. In fact, multiple components in cellular adhesions shuttle between the cytosol and the nucleus to regulate gene expression (5). Furthermore, it has been shown that integrins, a major family of adhesion receptors which are abundantly 
present in podosomes, are able to dictate cellular differentiation by influencing DNA transcription, RNA maturation and protein synthesis (6-9). Interestingly, integrin activation has also been shown to play a major role in DC maturation (10, 11) and is highly regulated during the DC life cycle (1, 12, 13). Thus, by regulating the integrin activation status of DCs, and therefore also their adhesive properties, PGE2-mediated podosome loss could be of key importance for the induction of full DC maturation.Not only soluble mediators, such as PGE2, but also geometric cues are able to 
influence DC adhesive properties (Chapter 3). We demonstrated that podosome spatial distribution is dictated by 3D geometric cues and most importantly, that these cues are able to inhibit PGE2-induced podosome dissolution. Although the underlying mechanisms remain unknown, we showed that the PGE2-induced rise in active RhoA, observed on 2D surfaces, is absent in DCs seeded on 3D micropatterned substrates, indicating that cellular biochemical signalling pathways may indeed 
be influenced by topographical cues of the extracellular environment. To gain more insight into adhesion-regulated DC maturation, it would be very interesting to investigate whether geometric cues, by inhibiting PGE2-mediated podosome 
dissolution, also influence the maturation status of DCs upon stimulation with PGE2 or TLR agonists.Importantly, it remains to be demonstrated whether DCs have permanently lost their ability to form podosomes after maturation. Integrin activation seems a major determinant of the cell’s ability to form podosomes and although integrin activation is generally downregulated during DC maturation, recent evidence indicates that beta2 integrins can be reactivated by stimulating mature DCs with the chemokine CCL19 and CCL21 (12, 14). Reactivation of integrins could subsequently lead to the 
reformation of podosomes at specific sites, for example the lymphatics or lymph nodes, where they can be exploited for crossing lymphatic endothelial barriers or for the slow migration within the lymph nodes in search for T-lymphocytes. It would 
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be interesting to seed mature DCs onto glass coverslips coated with CCL19 and/or CCL21 to study the potential of these cells to form podosomes.
Balancing Forces within PodosomesDuring their lifetime, DCs have many cellular boundaries to cross, thereby encountering many different tissues and microenvironments. They are thought to exploit their podosomes for the migration trough these different tissues and in 
this aspect, it is interesting that podosome formation is not influenced by substrate (physico-)chemical properties (chapter 3). Adhesion formation is tightly regulated by integrin activation. Integrin activation in turn, is controlled by availability and spacing of ECM ligands that bind to the integrin extracellular domain (outside-in signalling) but also by intracellular activators that bind the intracellular integrin tail (inside-out signalling) (15). Interestingly, ligation with extracellular matrix (ECM) ligands (outside-in) was found to be redundant for podosome formation (chapter 
3). These results indicate that podosome formation is mainly independent from the classical outside-in signalling through ligand-mediated integrin activation. Importantly, we also found that an adhesive permissive surface is a prerequisite for podosome formation, strongly suggesting that a yet unknown stimulus activates integrins to initiate the formation of podosomes. This stimulus could be derived directly from the substrate that the cells adhere to but also indirectly, for example from the changing plasma membrane tension during cell spreading.The formation of cellular adhesions can be subdivided into two stages: an initiation phase and a growth/maturation phase. For FAs, the initiation phase is marked by integrin clustering and the recruitment of scaffold proteins such as talin and paxillin (16). Once these integrin clusters are formed, myosin-mediated contraction drives the recruitment of the tension sensitive proteins vinculin and zyxin to assemble mature FAs (17-19). Very little is known about the initiation phase of podosomes. In a recent paper, Luxenburg and colleagues suggest that local accumulation of paxillin at the plasma membrane initiates podosome formation (20). In chapter 5, we show that, similar to FAs, the growth/maturation phase of podosomes is tension-mediated. However, unlike FAs, this tension is not derived from myosin contractility but from the longitudinal growth of the podosome core. Thus, the growth/maturation phase of both FAs and podosomes is regulated by tension-mediated mechanisms. Molecular tension within FAs and podosomes is the result of two balancing, opposing forces. I hypothesize that the distinguishing feature of podosomes to grow without integrin ligation is facilitated by their unique 
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ability to account for both these forces simultaneously (Fig. 1). FAs are anchored to the ventral plasma membrane by a tangential shaped cluster of integrins (Fig. 1, Top view). This implies that whenever a force is exerted from inside the cell on the integrins, integrin ligation to the ECM has to serve as a counterforce (Side view). Otherwise, the integrins will be pulled towards the source of the force and tension is lost, which is exactly what happens when cells are seeded on compliant substrates and unable to mature their FAs (21). By contrast, podosomes are anchored to the plasma membrane through many different integrin clusters surrounding the actin cores (chapter 6, and Fig. 1, Top view). Since the actin core and the integrin clusters are connected by the F-actin network, longitudinal podosome core growth generates a force from inside the cells on the integrins (Fig. 1, Side view). To prevent the integrins from being pulled towards the source of the force, a counterforce has to be generated. Interestingly, by pushing the plasma membrane down, actin polymerization also generates this counterforce. This delicate balance of forces within podosomes makes integrin ligation redundant for their initiation and growth. It would be very interesting to investigate the formation of podosomes on compliant substrates. In light of the aforementioned hypothesis, I would predict that DCs are able to form podosomes equally well on compliant as on rigid substrates. However, I expect that the periodicity of the oscillations described in chapter 5 will be less on compliant substrates since the podosomes will be able to slightly push into this substrate. Consequently, the growing actin core generates less tension within the F-actin network, which will delay the subsequent shrinking of the podosome core. I will discuss the situation for penetrable substrates further on in the discussion.
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Figure 1. Force distribution 
within podosomes enables 
their ECM-independent 
formationSchematic representation of the top and side view of a focal adhesion and a podosome. The forces generated within these adhesions are indicated with an arrow. The growth of focal adhesions and podosomes is both tension-mediated but since opposite forces are generated within a podosome, integrin-mediated ECM ligation is not necessary to facilitate the growth of podosomes.
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Podosomes as Geometry Sensing StructuresLiving cells are continuously exposed to a large variety of exogenous signals. These signals have to be interpreted by the cell’s extensive sensory machinery to direct key processes such as adhesion, growth, and differentiation. Integrin-based adhesion sites, such as FAs and podosomes, are thought to play a major role in both the perception of external stimuli and the execution of the cellular response. Substrate composition (22, 23), stiffness (24, 25) and topography (26, 27) have been 
shown to influence FA formation, size and composition. Although podosomes have not been extensively studied in this context, they have also been shown to respond to 
environmental signals. Substrate rigidity and applied stress influence the tractional forces exerted by rings of individual podosomes in BHK cells (28, 29).
During migration through tissues, cells are constantly hampered by fibres of the ECM, which results in mechanical stress at the cellular membrane. Interestingly, by seeding DCs on 3D micropatterns, we found that podosome spatial distribution is dictated by substrate geometry (chapter 3). Podosomes selectively formed at the edges of the 3D micropatterns, suggesting that podosomes form predominantly at hotspots of high physical stress. The 3D micropatterns most likely create local membrane curvatures at the edges. We demonstrated that both an inward as well as an outward curvature is able to control podosome spatial organization. Furthermore, DCs sense surface step changes as low as 100 nm, dimensions that 
are in the diameter range of individual ECM fibres, which vary in size between 40-60nm. Together, this suggests that DCs indeed are able to exploit their podosomes as 
mechanosensitive structures that are specifically placed at sites with high physical stress to stabilize adhesion in a 3D environment. To further investigate this, it would be very interesting to determine the distribution of podosomes during mesenchymal migration of iDCs through 3D collagen matrices. However, so far most 3D imaging setups lack the resolution to visualize podosomes. Current setups are equipped with 20x or 40x objectives while at least a 63x or 100x is necessary for this type of 
imaging. Furthermore, the working distance of high magnification objectives is in general rather short, limiting the imaging of cells in a 3D collagen matrix.Not only is the distribution, but also the appearance of podosomes is altered on 3D micropatterns. When DCs are seeded on 3D substrates, their podosomes 
are significantly more fused, resulting in large, elongated actin structures on the micropattern edges that are surrounded by integrins and cytoskeletal adaptor proteins. To investigate whether the ultrastructure of podosomes is altered on the edges of 3D substrates, it would be instrumental to perform super-resolution 
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microscopy on podosomes aligned on 3D micropatterns but technical and physical issues limit also this type of imaging. The patterns used in this thesis were made 
from polymers such as PDMS and Teflon but these substrates cannot be used for super-resolution imaging. Furthermore, even if the 3D micropatterns are fabricated (etched) from glass coverslips instead of polymers, the resolution will be limited by light scattering off the edges of the pattern. Nevertheless, the current challenge is to optimize these types of setups to gain better insight into the nature of podosomes as mechanosensitive structures.Although the mechanisms that regulate the alignment of podosomes along the edges remain elusive it is tempting to speculate that the edges of the micropatterns create local signalling platforms at the ventral plasma membrane that contain 
specific lipids and proteins associated with high membrane curvature. Two classes 
of lipids can be distinguished in this aspect; lipids that actually induce membrane curvature, such as cholesterol, and lipids that are able to recruit proteins that induce membrane curvature, such as phosphoinositides (PtdIns). Although there is not much direct evidence yet that cholesterol is implicated in podosome formation, PtdIns have been shown to be important for podosome formation and maintenance. Especially PtdIns(4,5)P2 and PtdIns(3,4,5)P3 are thought to regulate the recruitment and binding of many podosome components during podosome initiation but also in later stages of podosome assembly (30). Furthermore, inhibition of PI3-kinases, the class of enzymes that phosphorylates PtdIns(4,5)P2 to produce PtdIns(3,4,5)P3, leads to the dissolution of podosomes in osteoclasts and macrophages, suggesting that PtdIns(3,4,5)P3 plays an important role in podosome maintenance (31, 32). Proteins associated with membrane curvature include the bin/amphiphysin/rvs (BAR) domain containing proteins. Formin-binding protein 17 (FBP17) is such a protein that contains a type of BAR domain (F-BAR) and is 
Actin Vinculin FBP17 Merged 
Figure 2. The F-BAR protein FBP17 localizes to podosomes in immature DCs
Cells were seeded onto glass coverslips, left to adhere for 3 hrs, fixed and stained for Texas-Red conjugated phalloidin, a monoclonal vinculin antibody and a polyclonal FBP17 antibody to visualize actin (red), vinculin (green) and FBP17 (blue), respectively. (Van den Dries et al., unpublished results)
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localized to podosomes in macrophages and DCs (33)(Fig. 2). However, it remains to 
be investigated whether FBP17 plays a role in the specific alignment of podosomes along edges of 3D micropatterns. Interestingly, the F-BAR domain of FBP17 strongly binds to PtdIns(4,5)P2 (34), again suggesting that lipids and proteins together regulate podosome formation at the ventral plasma membrane. Interestingly, both PtdIns and BAR domain containing proteins regulate the activity of small Rho GTPases, which are known to regulate podosome formation and dissolution (35-37). In conclusion, it appears that many components, both lipids and proteins, that are involved in membrane curvature sensing are also implicated in podosome formation. However, how the complex interplay between these proteins regulates the directed formation of podosomes along the edges of 3D micropatterns remains to be elucidated. However, how the complex interplay between these proteins regulates the directed formation of podosomes along the edges of 3D micropatterns remains to be elucidated.
Actin Network Functionally Links Podosome Core and RingThe podosome core is thought to function as a protrusive module, characterized by continuous actin turnover and periodic stiffness oscillations (38, 39), whereas the podosome ring, because of the integrin presence, is thought to function as an adhesive module. These two modules need to constantly communicate at the molecular level to orchestrate cellular protrusion and migration. In chapter 5, we demonstrated that the actin network plays a key role in regulating the communication between the core and the ring, thereby functionally linking both modules.Podosomes comprise a dense actin core surrounded by a ring of integrins and the cytoskeletal adaptor proteins vinculin, talin, paxillin and zyxin, also found in FAs. These cytoskeletal adaptor proteins are thought to connect the integrins in the 
ring with the actin in the core through their association with the filamentous actin network. Each one of the four cytoskeletal adaptor proteins has a specialized function and their sequential recruitment to adhesions is thought to be tightly regulated. The recruitment of cytoskeletal adaptor proteins to FAs is relatively well understood. Paxillin and talin are recruited to integrin clusters early on during FA formation to act as scaffold proteins (16). Within this early stage of FA formation, talin is bound 
to integrins but also to actin filaments. During FA maturation, myosin-mediated 
tension is exerted on the actin filaments and induces paxillin phosphorylation and talin conformational changes , which leads to the recruitment of the tension sensitive molecules vinculin and zyxin (18, 40). This tension-dependent maturation is a 
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characteristic feature of FAs and indicates that these structures are mechanosensitive. The results presented in chapter 5 suggest that tension also plays a central role in the recruitment of adaptor proteins to podosomes, albeit in a different manner. Once the formation of the podosome core and ring is initiated, paxillin and talin are recruited to the integrins within the podosome ring. Subsequently, podosome 
core growth induces stretch within the filamentous actin network that surrounds podosome cores and drives the recruitment of the tension sensitive molecules zyxin and vinculin.Once a podosome core is initiated, it will continuously grow and shrink, i.e. oscillate, over time before it dissolves. These oscillations are most likely the result of the continuous actin turnover within the podosome core and depend on myosin-
mediated tension exerted on the actin network fibers (chapter 5). As a result, the 
tension on the filamentous actin network will successively increase and decrease 
throughout the lifetime of a podosome. We indeed also find that the levels of the tension-sensitive components vinculin and zyxin oscillate in time, while the levels of the tension-insensitive components are relatively stable. Thus, whenever the podosome core grows, the ring is enforced by the recruitment of structural components such as vinculin and zyxin, indicating that the core and ring are 
functionally linked by the filamentous actin network to provide optimal podosome stability. The data presented in chapter 6 confirm and further extend the notion 
that podosomes are stabilized by the filamentous actin network. Dual colour super-resolution microscopy of podosomes revealed that podosome cores are guy-roped 
by filamentous actin fibres which radiate from the core and are enforced by vinculin. Thus, the machinery that surrounds the podosome core very much resembles the FA machinery. This is why I hypothesize that the composite multilaminar architecture found for FAs (41) is in fact also present in podosomes.Podosomes are thought to be protrusive, and actin polymerization in the core in combination with myosin-mediated contraction of the actin network is thought to drive this protrusiveness. During podosome protrusion, a constant feedback mechanism has to be present to orchestrate the migration of cells. The fact that the protrusive module of podosomes is linked with the adhesive module provides a formal explanation for this feedback (Fig. 3). The tension on the actin network is the sum of the stretch created by intracellular podosome core growth and the tension created by myosin IIA-mediated contraction. When podosomes are small, both the stretch by the core and the contractile activity of myosin IIA are low which results in low tension on the actin network and low levels of the tension- C
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sensitive molecules vinculin and zyxin. As podosomes cores grow, two possible scenarios can be envisaged. When cells are seeded on a glass coverslip, the non-penetrable glass prevents the growing podosome core from protruding. However, actin polymerization still continues and will induce the intracellular growth of the podosome core. Since there is no protrusion in this situation, the tension of the podosome core growth on the actin network will most likely predominate over the tension that is created by myosin IIA contractility. Still, the tension created by the growing podosome core will drive the recruitment of tension sensitive molecules. On the other hand, whenever the underlying substrate is penetrable, podosomes will be able to protrude through the substrate and the intracellular growth of the podosome will be less. Here, myosin IIA-mediated contraction will most likely be enhanced to stimulate the podosome protrusiveness. The tension created by myosin IIA-mediated contraction will drive the recruitment of tension sensitive molecules. Thus, both on a non-penetrable and a penetrable surface, tension sensitive molecules will be recruited to the adhesive module of podosomes (the ring) to stabilize the complex, thereby providing a constant feedback mechanism to regulate podosome protrusive activity. This feedback mechanism highlights the potential of podosomes to probe and sense the underlying substrate and renders podosomes, like FAs, extremely specialized mechanosensitive structures. Moreover, since the 
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Figure 3. Mechanosensitive feedback regulates podosome protrusivenessSchematic representation of different stages of podosome formation. Small podosome cores generate little tension within the actin network which results in low levels of mechanosensitive proteins. Podosome growth and myosin-mediated contraction generates tension within the actin network dependent on the protrusiveness of podosomes (See also main text).
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filaments from the F-actin network also interconnect podosomes (chapter 6), the entire cluster could function as a mesoscale mechanosensing apparatus in which forces from one podosome site are transmitted over longer distances throughout the cluster. Future studies should focus to determine whether tension within the 
filamentous actin is indeed build up during podosome core growth or myosin IIA-mediated contraction. Furthermore, 3D super-resolution should provide more insight into whether podosome rings, similar to FAs, have a composite multilaminar structure to translate the tension created within the ring into intracellular signals.
DC Podosomes are Protrusive StructuresWhile knowledge on many aspects of podosome regulation and organization is increasing, their function remains largely elusive and heavily debated. One part of the discussion is related to the fact that podosomes, as discussed above, are composed of a protrusive, potentially degradative, module (the core) and an adhesive module (the ring). Involvement in both processes puts forward the paradox that they potentially 
degrade the fibres, which they adhere to, and it is currently unclear which function prevails over the other. The other part of the discussion is related to the comparison of podosomes with similar degradative structures found on tumour cells, called invadopodia. Invadopodia are unambiguously involved in ECM degradation and most probably enhance the metastatic capacity of tumour cells. Although podosomes and invadopodia indeed share many components, it is unclear whether their functions are related. Here, I will discuss the function of podosomes with a strong focus on podosomes in myeloid cells.Podosomes have mainly been observed in monocyte-derived cells such as osteoclasts, macrophages and DCs. These cells spontaneously form podosomes when seeded on a 2D substrate, and podosomes are thought to have an important physiological role in these cells. Podosomes have originally been proposed to be degradative structures since the transmembrane metalloprotease MT1-MMP colocalizes with podosome cores in macrophages and osteoclasts (42, 43). Matrix degradation is observed underneath podosomes when cells are seeded on 
fluorescently labelled substrates. However, one should be careful with drawing conclusions from such 2D experiments since it has been shown for tumour cells that MT1-MMP colocalizes with integrins on cells seeded on 2D substrates (44, 45), whereas these molecules are spatially separated in a 3D environment (46). The same could be true for the colocalization of proteases and integrins within cells that bear podosomes. For osteoclasts, the current consensus is that podosomes mainly 
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function as adhesive structures crucial for the maintenance of the cell sealing zone rather than being actually involved in bone degradation itself. Within the sealing zone protons and proteases are secreted to create a suited environment for bone degradation (43, 47, 48). Interestingly, extracellular protons promote the formation of podosomes (49), suggesting that there is at least some form of crosstalk between the adhesive and degradative apparatus in osteoclasts. For macrophages and iDCs, evidence is increasing that podosomes are mainly involved in cellular protrusion (39, 50). Podosomes in macrophages were found to exhibit periodic stiffness oscillations which are associated with their protrusive behaviour (39). However, how this protrusive activity is regulated in a 3D environment is still largely unclear. Monocyte-derived macrophages and iDCs both exhibit mesenchymal migration through tissues, which is characterized by strong interactions with the ECM and active ECM degradation. Podosome-like structures can be observed at the tips of cellular protrusions in macrophages seeded in 3D collaged gels (51, 52). However, although degraded collagen can also be observed in these regions, it is unclear whether MT1-MMP is localized to the podosomes themselves. Nevertheless, macrophages that are unable to form podosomes on 2D substrates show impaired migration in a 3D environment (53), suggesting that podosomes are indeed involved in coordinating mesenchymal migration in a 3D environment.Although podosomes were originally only observed in myeloid cells, podosomes and podosome-like structures are now also found in smooth muscle cells, endothelial cells and most recently, hepatocytes (54-56). In contrast to cells of the myeloid lineage, these cells do not spontaneously form podosomes. Smooth muscle cells have to be stimulated with platelet-derived growth factor and endothelial cells with TGF-beta to form podosomes. These stimuli are not present under physiological circumstances in vivo and are only released by cells that line the vessel wall upon the loss of vascular integrity. Podosomes in smooth muscle cells and endothelial cells have therefore been suggested to play a role under pathophysiological conditions 
in vivo, primarily during vessel wall repair and remodelling. The potential role of podosomes in neural crest hepatocytes remains to be determined, but also in these cells, a pathophysiological role in vivo is more likely than a physiological role since a stress-related stimulus is necessary for the formation of podosomes.In this thesis, we focussed on podosomes spontaneously formed by DCs, and our results clearly suggest that in DCs, podosomes have a specialized protrusive, rather than adhesive, function. The fact that DCs are able to form podosomes on virtually every kind of substrate and that integrin ligation is redundant for this phenomenon 
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(Chapter 3) suggests that podosome adhesive abilities are a secondary function rather than a primary. Furthermore, tension sensitive ring components essential for the stability and function of podosomes such as vinculin and zyxin are only recruited upon podosome core growth (Chapter 5). Although some crosstalk may be present here, e.g. zyxin is known to stimulate actin polymerization at FAs (57), this again suggests that the adhesive module is regulated by the protrusive module rather than vice versa. Finally, using super-resolution microscopy, we showed that podosomes 
consist of actin pillars guy-roped by vinculin enforced actin fibres (Chapter 6). I hypothesize that the podosome ring mainly serves as a stabilizer of the podosome core rather than as a functional adhesive module. Consequently, the primary function of integrins within podosomes is to stabilize the intracellular actin machinery. This does not rule out the possibility that, when presented with an appropriate ligand, the integrins within podosomes do have an adhesive function. However, our results suggest that the protrusive module predominates over the adhesive module.
Importance of Integrating Advanced Microscopy Techniques to 
Study Adhesive StructuresProteins and protein complexes are too small to be directly observed within a 
fixed or living cell. Therefore, many kinds of fluorescent tags have been developed that can be attached to proteins to be able to visualize them in situ, which forms the 
basis for the field of fluorescence microscopy. In the last 30 years, much effort has 
been devoted to adapt existing fluorescence microscopy techniques or to develop new techniques that have greatly increased our understanding of cellular adhesions such as FAs and podosomes.Up until only two decades ago, information on protein localization in situ was 
mainly provided by immunofluorescence stainings with antibodies or other 
labelling reagents. Using correlated fluorescence microscopy with internal reflection microscopy (IRM) to visualize cellular structures that are in close contact with the 
substrate, many FA components, such as vinculin, talin and paxillin, were identified (58-60) that later were also found in podosomes (61-63). Furthermore, despite a limited palette of live-cell imaging approaches during that period, microinjection 
of fluorescently labelled proteins combined with techniques such as fluorescence recovery after photobleaching (FRAP) revealed key features of FA assembly and disassembly (64, 65). Yet, it was the discovery and adaptation of the green 
fluorescent protein (GFP) in the early 90s that greatly expanded the possibilities of 
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visualizing the dynamics of cellular adhesions and probing the molecular dynamics and interactions of their components in situ (66, 67).GFP-tagged proteins were used to study the formation and organization of FAs (68-70), and FRAP studies were performed to study the dynamics of individual FA components (71-73). At podosomes, the expression of GFP-tagged podosome components revealed the highly dynamic behaviour of these structures (74), and FRAP was used to show that continuous actin turnover occurs within the podosome core (38). However, while these techniques have revealed many aspects of adhesion dynamics, it has become increasingly clear that the organization of adhesions is regulated at the single molecule level, which urges the need for techniques that are able to study localization and interactions of molecules with higher spatio-temporal resolution. Conventional microscopy techniques lack the spatial resolution to visualize single molecules, while ensemble averaging techniques such as FRAP are suited to study protein populations thus lacking the necessary sensitivity. Therefore, much effort has been devoted to the development of techniques that truly push the spatial and temporal resolution limits of light microscopy.Part of the progress has been made in using complex software algorithms that extract information about molecular dynamics from images taken on commercial confocal microscopy setups. In this way, it is not necessary to build or buy an 
expensive custom-made microscope. With fluorescence correlation spectroscopy (FCS) based techniques such as raster image correlation spectroscopy (RICS) and cross correlation RICS (ccRICS) we are now able to study protein dynamics and protein-protein interactions at the molecular level within adhesions (75). For example, exploiting the RICS microscopy technique, it has been shown that paxillin is recruited to FAs as monomers but that leaves FAs as large aggregates (76). I will further discuss FCS and RICS in the next section to further highlight the potential of these correlation techniques to study the dynamic assembly and disassembly of podosomes.Another way to circumvent the limitations of light microscopy has been to adapt 
the microscopy hardware or the properties of the fluorophores used. The spatial resolution of light microscopy is limited by the diffraction of light. Whenever light 
passes through a lens, it is diffracted and causes a single fluorophore to be detected as a disc shaped object of about 200 nm (depending on the wavelength) rather than 
as a single point. This means that when two fluorophores localized within a 200 nm range are simultaneously imaged, they cannot be resolved. This is why electron based techniques such as scanning and transmission electron microscopy (SEM and 
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TEM, respectively) were the only available methods to study the ultrastructure of 
FAs and podosomes on fixed samples for a long time. However, specific labelling of multiple individual components is limited with SEM and TEM, and both techniques 
are highly invasive, requiring complex fixation and dehydration procedures. Therefore, several techniques have been developed to circumvent the diffraction 
limit of light, including near-field scanning optical microscopy (NSOM) (77) and stimulated emission depletion (STED) (78). These techniques have shown to be instrumental in resolving the distribution of nicotinic acetylcholine receptors or the C-type lectin DC-SIGN at the plasma membrane (79, 80). Both STED and NSOM, 
however, have disadvantages; STED imaging requires high-energy pulsed lasers that potentially damage the sample, while NSOM is a surface scanning technique and consequently has a low imaging depth.Another way of breaking the diffraction limit of light is the development of photoactivated localization microscopy (PALM) and stochastic optical reconstruction microscopy (STORM) (81, 82). These techniques exploit photoactivatable (PA) and 
photoswitchable (PS) fluorescent proteins and dyes. By sequentially activating a 
selected subset of PA and PS fluorophores during image acquisition, subsequently 
localizing these fluorophores and mapping their localizations to reconstruct a single image, the spatial resolution has theoretically increased to 10-20 nm. This technique has greatly enhanced our understanding of the nanoarchitecture of adhesions witnessing a recent publication that, exploiting 3D PALM, showed that FAs have a composite multilaminar architecture which mediates their different functions (41).To gain more insight into the dynamics of individual podosome components we studied the diffusion of the cytoskeletal adaptor proteins vinculin, talin, paxillin and zyxin with FRAP microscopy and found that these proteins are highly dynamic within podosome rings (Chapter 5). Although the turnover of podosomes themselves is in the order of minutes the exchange rates of their components are in the order of seconds and maybe even milliseconds. Interestingly, we found that the exchange rates of the cytoskeletal adaptor proteins are strikingly similar to values found for FAs suggesting that the interactions among these proteins are similar in both structures.In chapter 6 we used direct STORM (dSTORM) microscopy to shed light on the nanoarchitecture of podosomes. We were able to provide novel insight into the ultrastructure of podosomes and show that the standard model of podosomes as 
structures with a well defined core and ring is in fact incorrect. The ring only appears as a ring in conventional and confocal microscopy due to diffraction limitations. Our 
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observations indicate that the adhesive apparatus of podosomes rather consists of homogeneously distributed foci of talin-bound integrins. Furthermore, using dual 
colour dSTORM, we were able to show that vinculin localizes specifically within foci that are in close vicinity with the core or colocalize with the F-actin network. These results clearly demonstrate the power of super-resolution microscopy over conventional and confocal microscopy in elucidating the ultrastructure of podosomes.As a concluding remark, I would like to highlight the well-known ‘resolution trade-
off’ in the field of light microscopy: high spatial resolution is accompanied with a low temporal resolution and vice versa. While live-cell confocal microscopy is extremely suited to study the dynamics of proteins on the ms timescale, no information is provided about the spatial localization of the studied molecules. On the other hand, STORM microscopy has a spatial resolution of 10-20 nm but since the acquisition 
of a single image takes minutes, sometimes hours, and therefore requires fixed samples, temporal information is lost. Current focus should therefore be directed to the optimization of microscopy setups to simultaneously provide high temporal and spatial resolution. Efforts in that direction have already been undertaken and resulted in the development of fast two- and three-dimensional STORM microscopy and Bayesian localization microscopy opening up new possibilities for characterizing cellular structures in living cells (83, 84).
RICS as a Promising Tool to Study Podosome Molecular DynamicsFAs and podosomes comprise hundreds of proteins that together orchestrate the dynamic assembly and disassembly of cellular adhesions such as FAs and podosomes. These proteins are either involved in the structural reinforcement of adhesions (vinculin, talin), integrin-mediated signalling (paxillin, FAK/Pyk2) or the regulation of actin polymerization (zyxin, alpha-actinin) (85-88). Many of these proteins have multiple interaction partners and the interactions are regulated by 
posttranslational modifications or tension-mediated conformational changes. 
Importantly, the affinity of these proteins for their interaction partners continuously changes within adhesions which in turn results in a constant change in dynamic behaviour. Methods to measure and quantify the interactions and dynamics of the individual components have not been available for a long time since these events 
take place at spatial (µm/nm) and temporal (ms/µs) scales which are difficult to probe in situ.
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In chapter 5 we focussed on the diffusion and recruitment of the four major cytoskeletal adaptor proteins vinculin, talin, zyxin and paxillin. We exploited FRAP microscopy to show that, at podosomes, the diffusion properties of these cytoskeletal adaptor proteins are markedly different. Furthermore, by treating the cells with the 
specific myosin inhibitor blebbistatin, we demonstrated that the diffusion of the cytoskeletal adaptor proteins is mainly myosin-independent. However, there are a few disadvantages that make the interpretation of FRAP data complicated. First, 
FRAP analysis is inherently pertubative since a certain amount of the fluorescent molecules has to be bleached, resulting in the possible generation of free radicals in the sample and the loss of potentially important information. Second, FRAP is only semi-quantitative. While FRAP is a valuable tool to compare the diffusion of proteins within cellular structures, absolute diffusion values cannot be extracted 
from FRAP curves which makes the direct comparison with published data difficult. Furthermore, FRAP lacks the power to determine whether proteins are assembled into (small or large) complexes or diffuse as monomers. Therefore, much effort has been made to replace FRAP by a non-invasive, quantitative microscopy technique to study the dynamics of proteins within living cells.
Fluorescence Correlation Spectroscopy (FCS)
FCS is an experimental technique that exploits the fluctuations in fluorescence intensity to study the dynamic behaviour of proteins within a sample. Although this technique is relatively old (Magde et al., 1972), it has only been widely used 
in the field of biology since its implementation for confocal microscopy (Rigler et al., 1993). FCS analysis has the ability to determine absolute protein concentrations 
and diffusion values, molecular interactions (by fluorescence cross-correlation spectroscopy (FCCS) analysis) (89) and molecular aggregation states (by photon counting histogram (PCH) analysis) (90). Furthermore, FCS can be easily used for living cells since the technique is non-invasive avoiding negative side effects that occur during FRAP analysis (for review, see Krichevsky and Bonnet, 2002).We exploited FCS to study the dynamic properties of vinculin and talin within iDCs. Therefore, we transfected iDCs with GFP-tagged vinculin and talin and performed 
single point FCS on four different parts of the cell; the cytosol (Cyt), adhesion free area at the membrane (Mem), at focal adhesions (FA) and at podosomes (Pod) (Fig. 4). The dynamic properties of naked GFP within the cytosol serve as reference values for free cellular diffusion. We found that both a slow and a fast population exist for vinculin and talin within all investigated parts of cell. Interestingly, the C
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diffusion values for the fast and slow population are similar for vinculin and talin as well as for GFP (Fig. 4A). Moreover, these values are remarkably similar within the different areas of the cell. The values of the fast and slow population most likely correspond to the freely diffusing and the bound fraction, respectively and the extracted values are in good correspondence with 
previous findings for adaptor proteins at FAs (76). Another possibility is that the slow population is actually not bound but rather represents a pool of proteins that is accumulated in aggregates and is therefore not able to diffuse at high speed. However, this is very unlikely since, according to the Stokes-Einstein relationship, 
an increase in molecular mass has only a minor effect on the diffusion coefficient (100 times increase in molecular mass only results in about 4.6 times decrease in diffusion). Determination of the fractional contributions of the fast and slow population revealed that the diffusion properties of vinculin and talin clearly differ between the various parts of the cell (Fig. 4B). Within adhesions, the bound fraction of vinculin is higher (53% for FAs and 54% for podosomes) compared to other areas of the cell (31% in the cytosol and 32% in adhesion free areas at the membrane). Interestingly, whereas the bound fraction of talin within adhesions is comparable to vinculin (50% for FAs and 62 for podosomes), the values obtained for the cytosol 
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Figure 4. Dynamic properties of vinculin 
and talin revealed by single point FCSImmature DCs were transfected with GFP-tagged vinculin and talin and seeded on glass coverslips. Single point FCS performed on an Olympus FV1000 confocal microscope was used to study the dynamic properties of these cytoskeletal adaptor proteins within different areas of the cell. A) These experiments 
revealed that a slow (≈30µm2/s) and a fast 
(≈1.5µm2/s) population exists for vinculin and talin in all investigated parts of the cell. 
B) Single point FCS two component analysis revealed that the fractional contribution of the slow population of vinculin is much lower in the cytosol and at the membrane compared to the FAs and podosomes. For talin, the fractional contribution of the slow population is comparable in all parts of the cell.
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and the adhesion fee areas at the membrane are much higher (43% for both areas). These results suggest that vinculin and talin have many more interactions within cellular adhesions compared to other parts of the cell. Furthermore, talin appears to have more interaction partners within the cytosol compared to vinculin.
Raster Image Correlation Spectroscopy (RICS)Although FCS can be used to study the dynamic properties of proteins within cells it has one major disadvantage, i.e. it is only able to extract data from a single point in the cell. In the past years, novel FCS based techniques such as RICS have been developed to overcome this shortcoming (91, 92). RICS takes advantage of the scanning action of laser scanning microsopes (LSM) to extract information on the dynamic properties of GFP-tagged proteins from image stacks. LSM images have a hidden time structure since it takes time for the microscope to obtain data from one pixel to the next (lag time). As long as the pixel size is 4 to 5 times smaller than diameter of the focal volume of the laser, and the lag time is in the order of the diffusion time of the GFP-tagged protein, the spatial correlation function of the obtained image will contain information about the diffusion of the protein. RICS has the ability to probe diffusion on different time scales since pixels can be correlated within a line (µs scale), between lines (ms scale) and between images (second scale) 
within an image stack. Furthermore, RICS provides an inherent way to filter out 
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Figure 5. Dynamic properties of vinculin 
and talin revealed by RICSImmature DCs were transfected with GFP-tagged vinculin and talin and seeded on glass coverslips. RICS, performed on an Olympus FV1000 confocal microscope was used to study the dynamic properties of these cytoskeletal adaptor proteins within different areas of the cell. A) Representative images of a vinculin-GFP and talin-GFP transfected iDC. The different coloured squares indicate the areas of interest that were used to perform the RICS analysis. B) Similar to the single point FCS, the RICS single component analysis revealed that vinculin is much faster in the cytosol compared to talin. The diffusion values for the whole cell, podosomes and focal adhesions were comparable for vinculin and talin. Cha
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large immobile features which are present in cells. Since these immobile features are stable on the frame to frame timescale, the average of an image stack can be subtracted from each individual frame before the spatial correlation is calculated, thereby allowing to discriminate between dynamic cellular components and immobile cellular features.We have investigated the dynamic properties of vinculin and talin within iDCs using the RICS approach (Fig. 5). We transfected iDCs with GFP-tagged vinculin and talin and collected movies of 100 frames with 256x256 pixels and a pixel size of 0.05 µm. Subsequently, we subtracted a moving average to avoid artefacts from immobile 
features, calculated the autocorrelation function (ACF) and fitted the average ACF to a one component diffusion model using Globals for Images software (Beechem 
and Gratton, 1988). We performed RICS analysis within different parts of the cell; the total image (Whole), within the cytosol (Cyt), at focal adhesions (FA) and at podosomes (Pod) (Fig. 5A). We found that vinculin is slower at FAs and podosomes compared to the cytosol (Fig. 5B). Moreover, similar to the values obtained by single point FCS, the diffusion of talin was found to be comparable for all the investigated cellular components suggesting that talin has many interactions within the cytosol, possibly even as many as within adhesions. We show that RICS is a suitable method to study the dynamics of podosome 
components. The first results obtained with RICS have revealed similar values for the dynamic behaviour of vinculin and talin as revealed by FRAP or single point FCS analysis. Efforts should now be put into fully exploiting the potential of RICS to study the molecular dynamics of the cytoskeletal adaptor proteins within podosomes. This includes the use of line scan FCS to gain more insight into the spatial organization of podosome components and cross-correlation RICS to study the molecular interactions of proteins within podosomes.
Outlooks and Future PerspectivesThe application of conventional and confocal microscopy, live-cell imaging, FRAP analysis and STORM microscopy allowed us to gain insight into the spatio-temporal 
organisation of podosomes. The field of microscopy is ever-evolving and novel techniques such as RICS and fast super-resolution microscopy will undoubtedly further increase our understanding of podosome protrusive and adhesive behaviour in the coming years. Importantly, these techniques need to be combined with 3D imaging setups to understand how podosomes are exploited by cells, and DCs in 
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particular, to facilitate mesenchymal migration through tissues. These setups will 
also help us to understand if and how podosomes are involved in specific functions of the immature DC, e.g. antigen uptake and processing, and possibly the mature DC as well. Together, more insight into the function of podosomes will increase our understanding of DC function and ultimately lead to the development of more effective DC-based vaccines for cancer immunotherapy.
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Chapter 8
Samenvatting
Dankwoord
Curriculum Vitae
List of Publications
SamenvattingHet immuunsysteem is een verdedigingsmechanisme dat er op gericht is om ‘lichaamseigen’ van ‘lichaamsvreemd’ te onderscheiden en zodoende indringers of veranderende eigen cellen te bestrijden. Het menselijk immuunsysteem bestaat uit twee verschillende, maar verbonden, onderdelen: het aangeboren en adaptieve immuunsysteem. De cellen van het aangeboren immuunsysteem zijn 
uitgerust met receptoren die specifieke, evolutionair geconserveerde moleculaire patronen herkennen die gemeenschappelijk aanwezig zijn op vele ziekmakende microorganismen. Zodra cellen van het aangeboren immuunsysteem zulke patronen herkennen reageren ze door de microorganismen op te nemen (een proces dat 
phagocytose wordt genoemd) en/of stofjes (cytokines) uit te scheiden die andere immuuncellen kunnen activeren. Sommige cellen kunnen na het phagocyteren van 
microorganismen deze afbreken in kleine stukjes, zogenoemde antigenen. Hierna kunnen deze cellen de antigenen aan de buitenkant van hun celmembraan plaatsen zodat deze herkend kunnen worden door cellen van het adaptieve immuunsysteem, 
namelijk de lymphocyten. De cellen die antigenen afbreken worden antigeen-presenterende cellen (APC’s) genoemd en deze APC’s leggen daarmee de verbinding tussen het aangeboren en adaptieve immuunsysteem. Omdat de cellen van het adaptieve immuunsysteem reageren op antigenen die voor elk microorganisme 
verschillend zijn reageert dit systeem heel specifiek tegen ziekmakers. Hierbij is onderscheid te maken tussen B lymphocyten die na herkenning van een antigen antistoffen uitscheiden en T lymphocyten die na herkenning cytokines uitscheiden en/of de zieke cellen opruimen.Het immuunsysteem is niet alleen maar verantwoordelijk voor het uit de weg ruimen van ziekmakende bacteriën, virussen en schimmels maar ook van tumorcellen. Tumorcellen verliezen namelijk vaak kenmerken die tot lichaamseigen behoren en/of verwerven kenmerken die lichaamsvreemd zijn. Per dag worden er vele ontspoorde cellen gedood door je immuunsysteem. Soms ontsnapt een tumorcel echter aan het immuunsysteem en kan er een tumor ontwikkelen in het lichaam. Lange tijd waren bestraling en chemotherapie de enige opties tegen tumoren maar sinds enkele decennia is ook immuuntherapie een optie voor sommige tumoren. Immuuntherapie tegen kanker is er op gericht om het immuunsysteem extra waakzaam te maken tegen de aanwezige tumor en ervoor te zorgen dat het immuunsysteem de tumorcellen uit de weg ruimt. In ons lab doen we dat door een 
bepaalde soort APC, de dendritische cel (DC), te laden met antigenen die specifiek zijn voor de tumor, en deze vervolgens te injecteren in de patiënt met als doel de 
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lymphocyten te stimuleren om de tumor op te ruimen.De DC kent twee verschillende toestanden, een onrijpe toestand waarin hij in staat is om microorganismes op te nemen en een rijpe toestand waarin hij in staat is om lymphocyten te stimuleren. Het opnemen en stimuleren worden op verschillende plekken in het lichaam uitgevoerd en de DC moet dan zich dan ook veel verplaatsen door het lichaam, een proces dat migratie wordt genoemd. Een onrijpe DC patrouilleert in allerlei verschillende soorten weefsels, op zoek naar ziekmakende microorganismen. Hierbij maakt hij gebruik van het type ‘langzame/mesenchymale’ migratie. Na opname van een microorganisme moet de DC echter zo snel mogelijk naar een lympheknoop om de daar aanwezige lymphocyten te stimuleren en maakt 
tijdens zijn rijping dan ook gebruik van het type ‘snelle/amoeboïde’ migratie. Het begrijpen van het migratiegedrag van DC’s is een essentieel onderdeel van het optimaliseren van immuuntherapie. Het doel van het onderzoek dat in dit proefschrift wordt beschreven is om inzicht te krijgen in de functie en organisatie van kleine hecht/migratiestructuren, podosomen genaamd, die aanwezig zijn in DC’s en belangrijk worden geacht bij de ‘langzame/mesenchymale’ migratie.De structuur van podosomen is onder te verdelen in een kern en een ring (Figuur 1). De kern bestaat voornamelijk uit het eiwit actine en heeft als functie om door substraten heen te drukken. De ring daarentegen bestaat voornamelijk uit integrines en integrine geassocieerde eiwitten (taline, vinculine, paxilline en zyxine) 
en is bedoeld om aan substraten te hechten. Actinefilamenten verbinden de kern 
met de ring en geassocieerd met deze actinefilamenten is het eiwit myosine IIA dat 
in staat is om de actinefilamenten samen te trekken. Belangrijk om te vermelden is dat podosomen continu op en neer gaan of, met andere woorden, oscilleren in de tijd. In hoofdstuk 2 laten we zien dat DC’s verschillend worden geactiveerd door 
A Actine Vinculine Samen 
Kern Ring Samen 
B 
Actine Vinculine Samen 
Actine Vinculine Samen 
Lage resolutie, confocaal 
Hoge resolutie, dSTORM 
Figuur 1. Onrijpe dendritische 
cel met podosomenOnrijpe DC’s zijn gehecht aan een dekglaasje en gekleurd voor de componenten actine (rood) en vinculine (groen). Uitvergroot zijn enkele podosomen (groen kader) en één podosoom (blauw kader). Duidelijk is te zien dat een podosoom bestaat uit een kern- en een ringstructuur.
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Gram-negatieve en Gram-positieve bacteriën. Gram-negatieve bacteriën zorgen ervoor dat DC’s meer rijpen en DC’s die gestimuleerd zijn met deze bacteriën zijn veel beter in staat om T lymphocyten te stimuleren. Naast deze effecten zijn Gram-negatieve bacteriën ook veel beter in staat zijn om podosoomverlies, dat altijd gebeurd tijdens het rijpen, te induceren. We laten zien dat het verlies van podosomen 
specifiek wordt aangestuurd door de receptor TLR4 die gestimuleerd wordt 
door moleculaire patronen die specifiek op Gram-negatieve bacteriën aanwezig zijn. Het signaleringseiwit TRIF speelt een grote rol bij het vertalen van de TLR4 stimulatie in een intracellulaire reactie. Tenslotte laten we zien het podosoomverlies veroorzaakt wordt door de productie van de prostaglandine PGE2 door de DC’s, wat wijst op een directe verbinding tussen TLR4 signalering en PGE2 productie. We concluderen dat het gebrekkige vermogen van Gram-positieve bacteriën om DC’s te activeren weleens een mechanisme zou kunnen zijn om aan het immuunsysteem te ontsnappen wat zou kunnen verklaren waarom deze bacteriën zo vaak de oorzaak zijn van chronische infecties.Door DC’s op verschillende oppervlakken te laten hechten hebben we in 
hoofdstuk 3 aangetoond dat de formatie van podosomen niet afhankelijk is van de fysisch-chemische eigenschappen van een oppervlak. Sterker nog, we hebben laten zien dat de enige voorwaarde voor de vorming van podosomen de beschikbaarheid van een oppervlak is waar DC’s zich aan kunnen hechten. We laten verder zien dat DC’s 3-D structuren kunnen voelen door hun podosomen precies op de randen te plaatsen van 3-D micropatronen (Figuur 2). Ook tonen we aan dat niet alleen de 
plaats waar podosomen gevormd worden wordt beïnvloed door deze patronen maar ook hun gedrag. Waar stimulatie met PGE2 op vlakke substraten binnen 5 minuten lijdt tot podosoomverlies in DC’s is dit niet het geval op de 3-D micropatronen. We laten zien dat het signaleringseiwit RhoA hier een belangrijke rol bij speelt. We concluderen dat de dimensionaliteit (2-D versus 3-D) van een oppervlak een belangrijke rol speelt bij het reguleren van podosoomverlies. Dit kan betekenen dat de structuur en vorm van de omgeving waarin een DC zich bevindt een grote rol speelt bij de activatie van DC’s.
Hoofdstuk 4 geeft de beschrijving van een algoritme dat we geschreven hebben om podosomen te herkennen in microscoopplaatjes die gemaakt zijn met behulp 
van een fluorescentiemicroscoop. De meest gebruikte kleuring voor podosomen benut het feit dat podosomen voornamelijk bestaan uit het eiwit actine. Dit actine is echter niet alleen maar aanwezig in podosomen en zorgt zodoende voor veel 
achtergrondkleuring die het automatisch identificeren van podosomen bemoeilijkt. 
180 | Chapter 8
Daarom hebben wij een algoritme geschreven dat gebruik maakt van lokale en algemene drempelwaardes om daarna op basis van grootte en circulariteit de podosomen te onderscheiden. We laten zien dat ons algoritme ongeveer 80 procent van alle podosomen kan herkennen in een microscoopplaatje en zeer goed presteert wanneer deze wordt vergeleken met 3 experts op het gebied van podosomen. Met behulp van twee toepassingen laten we zien dat ons algoritme zeer geschikt is om podosomen op grote schaal te onderzoeken en daarmee meer te weten te komen over deze adhesiestructuren. Dit algoritme wordt ook in hoofdstuk 5 en 6 gebruikt voor de data-analyse.In hoofdstuk 5 hebben we de rol van de actinefilamenten en het eiwit myosine IIA op de integriteit en oscillaties van podosomen onderzocht. Door myosine IIA uit te schakelen hebben we laten zien dat dit eiwit geen rol speelt bij de integriteit van  podosomen, zowel niet van de kern als van de ring. Myosine IIA speelt wel een essentiële rol bij het in stand houden van de oscillaties. We laten ook zien dat het 
netwerk van actinefilamenten essentieel is voor de podosoomoscillaties. Echter, in 
tegenstelling tot myosin IIA heeft het netwerk van actinefilamenten wel een grote rol bij het behouden van de integriteit van de ring. Als laatste hebben we kunnen aantonen dat sommige ringcomponenten (vinculine en zyxine) mee oscilleren met de kern waar andere componenten (taline en paxilline) veel stabieler zijn. Omdat van vinculine en 
zyxine bekend is dat ze pas gerecruteerd worden wanner actinefilamenten onder spanning komen te staan vermoeden we nu dat de groei van de podosoomkern 
een spanning veroorzaakt in de actinefilamenten die verantwoordelijk is voor het 
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Figuur 2. Podosomen worden gevormd op de 
hoeken van 3-D micropatronen
A) Een schematische representatie van de 3-D micropatronen. We hebben patronen gebruikt met een breedte van 2, 5, 10 en 20 micrometer (µm). B) Onrijpe DC’s zijn gehecht aan de in A afgebeelde patronen en gekleurd voor de componenten actine (rood) en vinculin (groen). Te zien is dat de podosomen bij voorkeur op de hoeken van de patronen gaan zitten.
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recruteren van deze componenten. Paxilline en taline kennen deze afhankelijkheid niet en functioneren waarschijnlijk als dokkingseiwitten voor het recruteren van structuureiwitten, zoals vinculin en zyxine, maar ook signaleringseiwitten. Het oplossend vermogen (resolutie) van zowel conventionele als confocale lichtmicroscopie wordt begrensd door de diffractie van licht. Door deze diffractie 
wordt licht dat van één punt afkomstig is waargenomen als een cirkelvormige vlek (een zogenoemde Airy-schijf) nadat het een lens is gepasseerd. Dit gegeven zorgt ervoor dat er een theoretische limiet bestaat aan de resolutie die je kunt behalen met lichtmicroscopie, zijnde de grootte van deze Airy-schijf. De grootte van deze Airy-
schijf is onder andere afhankelijk van de golflengte van het licht en ligt gemiddeld rond de 200nm. Dit betekent dat lichtbronnen die minder dan 200nm uit elkaar liggen niet onderscheiden kunnen worden met behulp van lichtmicroscopie omdat de Airy-schijven van beide lichtbronnen elkaar overlappen. De laatste jaren is er veel energie gestoken in het ontwikkelen van methoden die deze beperking omzeilen en dit heeft geresulteerd in tal van technieken die in staat zijn om met een resolutie van ongeveer 10-20nm naar cellulaire structuren te kijken. In hoofdstuk 6 maken we gebruik van één van deze technieken, dSTORM (STochastische Optische Reconstructie Microscopie), om de localizatie van verschillende kern- en ringcomponenten van podosomen met nanometer precisie te bestuderen. We zien met deze techniek dat 
actine is geconcentreerd in de kern van podosomen en dat filamenten van actine uitstralen vanuit de kern en tevens verschillende podosoomkernen verbinden. Ook, omdat de resolutie van dSTORM zoveel hoger is dan van gewone lichtmicroscopie, hebben we voor het eerst kunnen laten zien dat de ring van podosomen geen gesloten structuur is maar bestaat uit kleine eilandjes van moleculen (Figuur 3). Door zowel actine als verschillende ringcomponenten aan te kleuren tonen we aan dat eilandjes van integrines en van taline homogeen verdeeld zijn in het podosoomcluster maar niet in de kern van podosomen te vinden zijn. Ook de vinculine-eilandjes zijn niet in de podosoomkern te vinden maar in tegenstelling tot de integrine- en taline-eilandjes 
zijn deze eilandjes specifiek gelocaliseerd in de nabijheid van de podosoomkern of 
de actinefilamenten. Deze localisatie lijkt precies in lijn te zijn met de in hoofdstuk 
5 opgemaakte hypothese waar we vermoeden dat taline (dat gebonden is aan de integrines) functioneert als een dokkingsplaats voor vinculine en dat de groei van 
de podosoomkern en de spanning op de actinefilamenten een essentiele rol speelt bij de recruitering van vinculine.In hoofdstuk 7 worden de resultaten van het onderzoek beschreven in dit proefschrift samengevat en bediscussieerd.
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A Actine Vinculine Samen 
Kern Ring Samen 
B 
Actine Vinculine Samen 
Actine Vinculine Samen 
Lage resolutie, confocaal 
Hoge resolutie, dSTORM 
Figuur 3. dSTORM laat zien dat 
ringcomponten in kleine clusters 
zittenOnrijpe DC’s zijn gehecht aan een dekglaasjes en gekleurd voor de componten actine (bruin) en vinculin (blauw). Wat je ziet zijn twee microscopieplaatjes van podosomen. De bovenste is gemaakt met een normale confocale microscoop en de onderste met behulp van de dSTORM techniek. Duidelijk is dat de gesloten ring in het lage resolutie, confocale plaatje te zien is als tal van individuele clusters in het hoge resolutie, dSTORM plaatje.
Concluderend kunnen we zeggen dat podosomen uitermate geschikte structuren lijken te zijn voor cellen om hun omgeving mee af te tasten. Ze bestaan uit twee 
aparte, maar door filamenten verbonden substructeren, namelijk de kern en de ring, die samen het hechten en binnendringen van de extracellulaire matrix tijdens mesenchymale migratie kunnen coördineren. Toekomstig onderzoek zal moeten uitwijzen hoe de verschillende componenten die aanwezig zijn in podosomen een interactie met elkaar aangaan en hoe podosoomformatie en podosoomdissolutie door deze eiwitten worden gecoördineerd.
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DankwoordAllereerst wil ik mijn promotor en copromotor bedanken. Beste Carl, hartstikke bedankt voor het vertrouwen dat je in mij hebt gehad. Ondanks het feit dat mijn studentikoze houding je zorgen baarde heb je me aangenomen en met je enorme mensenkennis en inschattingsvermogen heb je mij op dit celbiologische project gezet, waar ik je heel dankbaar voor ben. Hoewel het podosoomproject niet je hoofdondwerp is ben je altijd hartstikke enthousiast en heb je maar een half woord nodig om met briljante ideeën te komen.Op een gedeelde eerste plaats staat Alessandra. Ale, jij bent pas later op het project gekomen maar als ik nu naar mijn proefschrift kijk denk ik dat een groot gedeelte tot stand is gekomen door jouw inzicht en vermogen om richting te geven aan een project. Ik heb een enorme bewondering voor hoe je je wetenschappelijk 
carrière combineert met twee kinderen thuis en denk dat je daarmee een voorbeeld bent voor anderen (en mogelijk ook voor mezelf straks... :)). Ik vind het hartstikke mooi om te zien dat je na 3 jaar podosomen eigenlijk heel moeilijk afscheid van ze kunt nemen.Dan mijn twee paranimfen. Ik kan niet anders zeggen dan dat ik een fantastische tijd heb gehad met jullie twee in het u´tje. Ben, je hebt me enorm geholpen om kennis te maken met de mogelijkheden van de microscopie. Het maken van mooie microscopieplaatjes is niet makkelijk maar jij krijgt het altijd voor elkaar. Maar de meeste herinneringen aan jou zijn toch niet-wetenschappelijk... :) Ik denk vooral aan de oranje u’tjes tijdens de EK’s en WK’s en de onvergetelijke (nou ja, ik weet er niet heel veel meer van) avond in Eindhoven. Marjolein, echt heel mooi dat jij na je stage bij TIL bent blijven hangen en dat je nu een gedeelte van het podosoomproject hebt overgenomen. Ik denk dat we een heel goed team waren en de discussies met jou hebben een enorme bijdrage gehad in de interpretaties en hypotheses zoals geformuleerd in dit proefschrift. We hebben nog heel wat data in de pijplijn zitten en ik weet zeker dat er nog hele mooie dingen uit gaan komen. Succes met het afronden van je eigen proefschrift volgend jaar.Dear Christina, we more or less started at the same time and shared a lot of the things that one encounters during a PhD period. Good luck the 19th of November, I will try to follow it via the webcam. Ook de rest van ons ‘adhesie/celbiologie/microscopiegroepje’ wil ik bedanken. Joost, Sandra, Inge, Sonja en Annemiek, bedankt voor alle input tijdens DLM’s, subDLM’s en minibrainstormsessies op het 
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lab. Martin, jij hoort ook in dit dankwoord thuis. Je hebt mooie data verzameld tijdens je stage en hoewel ze soms erg verwarrend waren hebben ze ons in ieder geval geleerd dat het gedrag van cellen altijd weer een stukje ingewikkelder is dan gedacht. Succes met je eigen promotietraject. Ook wil ik Suzanne en Machteld heel erg bedanken. Suzanne, je hebt me veel geleerd over podosomen en ik heb jouw proefschrift er ontelbaar keren bij gepakt om te kijken hoe het ook alweer zat. 
Machteld, bedankt voor je hulp achter de microscoop en alle praktische hulp in het begin van mijn promotie, ik kon altijd bij je terecht als ik iets niet kon vinden.The ever increasing specialization of science makes collaboration with people that are far more experienced in other disciplines more and more valuable. The work in this thesis is therefore not only the effort of people from the Tumor Immunology Lab in Nijmegen and I would like to thank our following collaborators. From Barcelona, Maria, Ruth, Thomas and Carlo, our SMART meetings could sometimes best be compared to the confusion at Babel but I learned a lot during these meetings and I want to thank you very much for your contributions to this thesis. From Albuquerque, Diane and Keith, thank you for hosting me twice in Albuquerque, I felt very welcome. Sam and Jason, thank you for the incredible efforts you have put in setting up the STORM microscopy during my visits. I think we only left the microscope room to sleep or eat. Shashank and Vinod, the FLIM data were acquired 
in a relatively short time thanks to you and have now turned into a nice figure in chapter 5. And last, but certainly not least, Stefan. After my visit to Munich this project got a real boost. Being able to manipulate our primary DCs made our lives a lot easier and we are currently still taking advantage of this fact. I enjoy our talks and discussions during meetings and I want to thank you for critically reading this manuscript as a member of the manuscript committee. I hope we will stay in touch.Prof. Schwartz, dear Martin, thank you for the great visit I had in New Haven and for giving me the opportunity to work in your lab. I am very much looking forward to it.De sociale uren zijn minstens even belangrijk voor je werk als de werkuren zelf. Ik wil daarom Martijn, Jori, Stefan, Michiel (succes, of sterkte..., met Oki en Doki :)) Martin, Dennis en Christian bedanken. We hebben heel wat afgelachen 
tijdens de lunch- en koffiepauzes. Ook wil ik Saartje en Anna bedanken. Wellicht om verschillende redenen, maar bij jullie allebei moet ik meteen aan wodka denken. 
Anna (and Patrick), your wedding was the best I have ever been to and I am sure that it will not be topped by any other, the 1st of August 2010 remains the best, and 
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worst day of my life. Saartje, bedankt dat je Marleen op gewicht hebt gehouden wanneer ik weer eens weekje weg was. Marjolijn, bedankt voor alle verhalen over zin en onzin die je met Marleen deelt tijdens ellenlange telefoongesprekken. Dat gaf mij mooi de gelegenheid om, relatief rustig, aan mijn proefschrift te werken. Eric, mijn slechtste herinnering bewaar ik misschien wel aan jou... :) Samen met Marleen op het museumplein om het kampioenschap van Ajax te vieren. Ik verwacht je op de Coolsingel dit jaar.Ook wil ik mijn vrienden en vriendinnen bedanken. In het bijzonder Anita en 
Thomas, die er echt altijd voor me zijn. Op het moeilijkste moment kon ik bij jullie 
aankloppen en ik vond het heel fijn dat er altijd een bed voor me klaar stond. Jullie, samen met Benthe, betekenen erg veel voor me. Jos, ik heb tijdens mijn studie een fantastische tijd met je gehad op de Hatertseweg 51 en ook al zien we elkaar de laatste jaren wat minder hecht ik veel waarde aan onze vriendschap. Ik wens je ontzettend veel wijsheid toe in het maken van je keuzes en hoop dat we nog lang kunnen blijven ouwehoeren over specialisaties, wetenschap en Roger Federer. Ivo, mijn reservevriend zoals je zelf altijd zegt... :). De grootste onzin want je bent een supermooie kerel en ik hoop dat we nog vaak samen biertjes gaan drinken. Daarbij wil ik ook alle (oud)-leden van Ferus Ebrius, ODR, groepje Wit en de ‘jongens van 
Tilburg’ bedanken. Jullie zijn verantwoordelijk voor vele fantastische momenten de afgelopen jaren die ik nooit meer zal vergeten.En dan mijn familie. Joost, fijn dat je na een turbulente periode in het verleden nu zo goed in je vel zit en ik vind het mooi om te zien dat je zo gelukkig bent met Elise. Op en neer naar Luxemburg lijkt voor jou niks voor te stellen. Rob, ook al kunnen onze levensvisies op sommige momenten niet verder van elkaar af liggen heb ik ontzettend veel respect voor hoe je in het leven staat. Een promotie stelt weinig voor vergeleken met de energie die jij in je persoonlijke zoektocht stopt. Ik leer veel van onze gesprekken. Lieve papa en mama, jullie hebben maar wat te stellen gehad met ons. Grote vraag blijft toch hoe jullie het voor elkaar hebben gekregen om drie zulke verschillende zonen te krijgen... :) (ook al zijn jullie het daar zelf niet mee eens). 
Ik bewonder het feit dat jullie ons altijd vrij hebben gelaten in onze keuzes. Jullie staan voor de volle honderd procent achter ons en daar wil ik jullie ontzettend voor bedanken.Lieve Marleen. Ik zou tientallen clichés kunnen gebruiken om mijn gevoel voor jou te beschrijven maar het is juist het woord cliché dat niet verder van jou af zou 
kunnen staan. Je bent uniek in alle opzichten en ik bewonder het enorm dat je 
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altijd jezelf bent en blijft. We hebben in twee jaar tijd ontzettend veel leuke dingen meegemaakt en ik weet zeker dat we een nog mooiere periode tegemoet gaan. Bedankt voor al je steun en het feit dat je me af en toe een schop onder mijn kont 
geeft wanneer het nodig is. Je bent de allerleukste.
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Curriculum Vitae Koen van den Dries werd geboren op 14 december 1983 te Tilburg. Na het behalen van zijn gymnasiumdiploma in 2002 aan het Koning Willem II College te Tilburg begon hij de studie Biomedische Wetenschappen aan de Radboud Universiteit Nijmegen (destijds Katholieke Universiteit Nijmegen). Tijdens deze studie liep hij 4 maanden stage op het Laboratorium Kindergeneeskunde aan het 
Universitair Medisch Centrum St. Radboud onder begeleiding van dr. Joyce Geelen en dr. Bert van den Heuvel. Het doel van deze stage was het screenen van de genen die coderen voor de eiwitten CD46 en Factor I op mutaties in patiënten die lijden aan het Hemolytisch Uremisch Syndroom. Een tweede stageperiode van 4 maanden werd gedaan op de afdeling Membraanbiochemie aan het Universitair Medisch Centrum St. Radboud. Tijdens deze stage werden de concentraties en dynamiek van calcium 
in het endoplasmatisch reticulum in complex I deficiente fibroblasten gemeten met behulp van een op FRET gebaseerde calcium biosensor. Een derde stage van 8 maanden werd uitgevoerd op de afdeling Moleculaire Biologie onder begeleiding van dr. Colin Logie. Tijdens deze stage werd de rol van het gist chromatine complex RSC bij de expressie van divergente en convergente genen bestudeerd. Tijdens zijn studie heeft hij tevens het interdisciplinaire honoursprogramma van de Radboud Universiteit Nijmegen met succes doorlopen.Na het behalen van zijn doctoraal examen in september 2007 was hij van november 2007 tot november 2011 aangesteld als junior onderzoeker op de afdeling Tumor Immunologie aan het Universitair Medisch Centrum St. Radboud. Onder begeleiding van prof. dr. Carl G. Figdor en dr. Alessandra Cambi werd het promotieonderzoek uitgevoerd zoals beschreven in dit proefschrift. Vanaf april 2012 is hij werkzaam als postdoc op de afdeling Tumor Immunologie van het Universitair Medisch Centrum St. Radboud onder begeleiding van dr. Alessandra Cambi waar hij verder onderzoek 
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